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ABSTRACT
Immunoassay techniques for the detection of infectious agents, hormones and cellular antigens 
have been investigated to improve assay performance for sensitivity, detection limits, assay 
protocols and incubation times. Such improvements included using high affinity monoclonal 
antibodies for capture and detection, allowing measurement of smaller sample volumes and 
shorter incubation times. Enzyme labels including horseradish peroxidase, alkaline 
phosphatase and luciferase were evaluated using chemiluminescence substrate systems for 
increased sensitivity.
New two-dimensional, photon imaging detectors were required to develop fully these 
luminescent assays. In this thesis the imaging photon detector (IPD), cooled charge-coupled 
device (CCD) and intensified CCD, which were adapted for luminescence detection, are 
described. This adaptation required specially designed optics and sample presentation units, 
together with calibration and analysis software to achieve the required sensitivity, dynamic 
range (>10" )^, and precise quantitative measurements. Applications which were developed 
using this luminescence imaging technique were: enzyme assays for ATP detection using 
firefly luciferase and luciferin (range 10'“ to 10'^  ^moles ATP), and for 4-methylumbelliferone; 
enzyme immunoassays for infectious diseases and hormones including Hepatitis-B and AFP; 
multiple, simultaneous detection of groups of diagnostically related assays. A rapid 
luminescence assay for hCG was developed in a new format using microbeads and a 
membrane for support, which gave good correlation with RIA and required only 10 minutes 
for sample incubation.
Further applications investigated included luminescent Western blots for protein detection and 
DNA dot blots, for which the imaging technique allowed quantitative analysis with improved 
sensitivity over a wide dynamic range compared with film. Detection limits for an alkaline 
phosphatase labelled dot blot assay for DNA (pBR322) were measured down to a very low 
level (70 fg of DNA), with sensitivity limited by assay membrane background. Reporter gene 
assays, employing firefly and bacterial luciferase, were used to detect gene expression in 
mammalian and bacterial cells. These reporter gene assays are rapid, sensitive and selective 
and were demonstrated in single mammalian cells with a luciferase-vaccinia virus recombinant.
Luminescence imaging has been shown in this thesis to be a new quantitative technique for 
the measurement of luminescent and fluorescent processes in a wide range of biomedical 
applications, which offers an advance in analytical and diagnostic methods in the fields of 
cellular and molecular biology and medicine.
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Introduction
Overview of introduction
This thesis describes the development of highly sensitive and specific immunoassay 
techniques for the identification of biological agents including hormones, infectious agents 
and cellular markers and antigens. The requirement for such sensitive assays is 
increasingly important in the fields of clinical diagnostics, microbiology, and cellular and 
molecular biology. The approach used was to apply high affinity antibodies coupled to 
new chemiluminescent labels and enzyme substrates which offer rapid, efficient and 
sensitive detection capability. In order to use fully these new luminescent assays it was 
also necessary to identify and develop new advanced instrumentation capable of exploiting 
their sensitivity and wide dynamic range, both for the conventional immunoassay sample 
formats and for the measurement of cellular assays and other variable format assays, such 
as gels or blots.
The introduction begins with a brief description of immunoassay techniques covering the 
principles and current methods which use radioisotopic and colour labels for detection.
This is followed by a description of bioluminescent and chemiluminescent processes, 
including those of firefly luciferase, bacterial luciferase and horseradish peroxidase, whose 
use is now emerging for immunoassay and bioassay applications in the life sciences as an 
alternative to radiolabelled assays. The nature of the underlying molecular processes of 
luminescent light emission is then summarised. The use of these luminescent processes for 
highly sensitive assay applications involves the detection and measurement of ultra-low 
levels of light. The instrumentation which has been developed for the detection of low- 
levels of light in the fields of physics and astronomy uses photon-counting techniques and 
devices, whose main features are summarised. These instruments include single-channel 
detectors such as photomultipliers and more recently imaging devices capable of photon 
detection in two-dimensions such as imaging photon detectors and charge-coupled devices.
At the time this project was started, instruments available for luminescence measurements 
in the biosciences were limited to these single-channel detectors. The means of sample 
presentation was also restricted to small tubes and cuvettes. The main work of this thesis 
was to develop the use of photon imaging detectors to measure and quantify sensitive 
luminescent-linked processes for both immunoassay and cellular applications in the life 
sciences, and this introduction concludes with a preview of this work.
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The thesis itself comprises 9 chapters, supported by 10 appendices which contain some 
technical details of experiments and data. An overview of the work undertaken and 
described in this thesis, together with an outline of its structure including a brief account of 
the contents of each chapter, is given in Section V of this Introduction.
I. GENERAL INTRODUCTION TO IMMUNOASSAY TECHNIQUES
I.A Principles of immunoassays
Immunoassays have been developed in response to the need for more sensitive and specific 
assay techniques to measure small quantities of biological materials such as antigens, 
antibodies and other analytes. Bioassays had previously been widely developed and used 
for the identification of such analytes, but they are less specific and are often not 
quantitative. Bioassays currently used for the detection of antigens and antibodies include 
precipitation techniques, agglutination tests using red blood cells or bacterial cells, and 
complement fixation tests. In virology, applications of bioassays include detection of 
antigens and antibodies using precipitation techniques, or agglutination tests such as 
haemoglutination inhibition for the detection of antigens such as viruses. In bacteriology, 
microorganisms and bacterial colonies grown in culture can be identified using a variety of 
techniques including agglutination tests or metabolic inhibition tests to identify types of 
organisms based on their metabolic profiles. These types of bioassays, whilst being 
convenient and capable of detecting the presence of antigens and antibodies, are not suited 
to the sensitive and quantitative detection of a range of analytes and cellular markers in 
biological materials. Immunoassays, which are based on the use of specific antibodies or 
antigens for the direct detection and measurement of analytes, offer selective and sensitive 
and often more rapid methods compared with bioassays. Such immunoassays can be 
linked for detection to enzyme labels which can be amplified to give enhanced sensitivity.
Immunoassays for the detection of antigens in samples were developed as early as the late 
1950’s by Yalow and Berson with the introduction of radioimmunoassays. In the 
radioimmunoassay (RIA), the analyte in a sample is measured by competition between 
radiolabelled antigen (e.g. by ^^ I^) and unlabelled antigen for binding to an antibody which 
in turn is bound onto a solid phase, such as a plastic tube. The unbound antigen, both free 
and labelled, is then washed away using a separation step and the amount of radioactivity
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associated with bound labelled antigen is measured using a radiometer such a scintillation 
counter. Standard curves of analyte concentration can then be obtained using a range of 
radiolabelled-standards for this type of competitive binding assay. RIA competitive assays 
are generally applied to the detection of small molecules such as drugs and are not suited 
to the detection of large molecules such as proteins.
A further development of these early immunoassays was the immunoradiometric assay 
(IRMA) developed by Miles and Hales in the late 1960’s [Miles and Hales, 1968]. In 
IRMA assays, labelled antibodies are used in a two-site assay, where unknown antigen is 
first incubated with a trapping antibody coated onto a solid phase. The unbound antigen is 
washed using a separation step and a further incubation using a second radiolabelled 
antibody is used. This ‘sandwich- type’ assay has a number of advantages over 
competitive radioimmunoassays, including improved potential sensitivity and selectivity, 
and the ability to look at large molecules such as proteins [Miles and Hales, 1968; 
Woodhead et al., 1974].
An alternative to radiolabelled assays is the use of enzymes as a non-isotopic label, to 
catalyse the conversion of a colour substrate to a soluble product or a precipitate. Enzymes 
have previously been used as antibody labels for immunohistochemical assays such as 
localisation of antigens in tissue sections [Nakane and Pierce, 1966]. Enzyme-linked 
immunosorbent assays (ELISA) offer advantages over radioisotopic assays. Isotopes have 
known problems associated with handling and disposal, the short lifetime of the labels 
themselves (e.g. ^^ I^ has a half life of 60 days), the poor stability of the labelled antigens 
and antibodies, and the need for a separation step in the assay to separate bound from free 
ligand. The use of colour substrates for a number of enzymes including oxidases and 
phosphatases have been applied to a wide range of immunoassays including hormones, 
infectious agents, antibodies and other antigens.
There are a number of important issues in the choice of immunoassay procedure and types 
of labels for a given detection requirement. These issues include: the nature of the analyte, 
e.g. a small molecule or hapten, or large molecules such as proteins and antibodies; the 
type of label, such as radioisotope or enzyme; the type of detection antibody used, whether 
polyclonal or monoclonal antibody; and the need for separation steps to distinguish bound 
from free analyte. Radioimmunoassays are generally used for the detection of small
Introduction
molecules where a competitive assay is used to separate radio-labelled antigen from free 
antigen. For large molecules and antigens, including antibodies, microbial antigens and 
infectious agents, the ELISA type assays are more suited. Such a two site detection 
method using both a trapping antibody bound to a solid phase and a labelled second 
antibody is more selective and sensitive. A range of labels can be used in immunoassays 
bound either to detection antibodies or directly to antigens in the case of competitive 
assays. Such labels include: radioisotopes such as ^H, and ^^ I^; enzymes such as
horseradish peroxidase, alkaline phosphatase and B-galactosidase; and fluorescent and 
chemiluminescent molecules such as fluorescein or acridinium esters. Enzyme and 
luminescent labels have the advantage that they are stable, and are available commercially 
linked to a wide range of antisera and other proteins. Radiolabelled antibodies, particularly 
those labelled with high activity isotopes such as ^^ I^ and ^^ P, require special handling and 
are susceptible to radiolytic damage which reduces their stability and hence shelf life, 
perhaps to as little as a month.
The sensitivity of immunoassays is determined by a number of factors, including the type 
of antibody used, the activity of the label and the effectiveness of the assay separation 
steps. Antibodies used in immunoassays for capture and detection of antigens are either 
polyclonal or more recently monoclonals [Milstein and Kohler, 1975; Milstein, 1986]. 
Monoclonal antibodies offer higher specificity, as they are targeted to a single unique 
antigenic site, and they are often produced with high affinity. For sensitive assays a high 
activity label is usually required so that the greatest signal can be produced for a given 
molecule of detection antibody. Enzyme labels can increase sensitivity in that many 
molecules of substrate can be turned over to produce signal for a given molecule of 
enzyme label [Ekins, 1980; Jackson and Ekins, 1986], whereas radioisotopes will only 
produce a single disintegration per isotopic atom. The turnover or efficiency of a given 
enzyme has to be considered for sensitive immunoassays. A further issue for assay 
sensitivity is the need to minimize background signal due to non-specific binding of 
antibody label, which is due to the binding characteristics of the label and the precision of 
the separation step in removing unwanted labelled antibody. Where solid phases such as 
plastic tubes or microtitre plates are used to bind the trapping antibody for two-site 
immunoassays, efficient blocking can be achieved using proteins such as BSA to reduce 
the non-specific binding of labelled antibodies. Hence a combination of specific high- 
affinity antibodies, efficient labels and protocols to minimize assay background may be
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applied to improve assay performance and sensitivity.
The enzyme labels such as Horseradish Peroxidase and Alkaline Phosphatase are widely 
used as labels for the detection of antibodies and antigens in immunoassays. They are 
available both as free enzymes or conjugated to antisera such as mouse immunoglobulins 
(IgG). These enzymes labels and the solid phase supports, which are currently used for 
immunoassays, will now be described further.
I B Enzyme labels for immunoassays
I.B.1 Horseradish peroxidase
Horseradish peroxidase (HRP) is a widely used enzyme which is readily available 
commercially attached or conjugated to proteins, antibodies and other labels including 
streptavidin. This enzyme may be readily conjugated to proteins using either the two-step 
glutaraldehyde procedure [Avrameas and Temynck, 1971] or by peroxidase oxidation 
[Nakane and Kawoi, 1974; Wilson and Nakane, 1978]. A number of colour substrates are 
available for horseradish peroxidase, both soluble and insoluble, for use in immunoassays 
or for immunoprécipitation techniques. The most sensitive HRP substrates conunonly used 
for immunoassays are orthophenylene diamine (OPD) which produces a brown product, 
and 3,3’, 5, 5’-tetramethylbenzidine hydrochloride (TMB) which produces a blue or yellow 
product.
I.B.2 Alkaline phosphatase
Alkaline phosphatase (calf intestinal) is a widely used enzyme label for conjugation to 
antibodies and labels such as streptavidin. The enzyme may be conjugated to proteins 
using a one-step glutaraldehyde method [Avrameas, 1969], a two-step glutaraldehyde 
procedure or using cross-linking reagents such as SPDP (N-Succinimidyl 3-(2- 
pyridyldithio)propionate) for sulfhydryl and maleimide coupling [Carlsson, et al., 1978]. 
Alkaline phosphatase antibody conjugates are of a higher molecular weight than those for 
horseradish peroxidase and are more heterogeneous, with more variability in the number of 
enzyme molecules conjugated per molecule of antibody. This labelling may be improved 
using heterobifunctional cross-linking reagents, such as sulfhydryl/maleimide, where the
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labelling process may be more readily controlled to give more homogeneous enzyme 
antibody conjugates. Alkaline phosphatase activity may be detected using soluble colour 
substrates such as para-Nitrophenyl phosphate (p-NPP) [Guilbaut, 1968] which produces a 
yellow colour. Alkaline phosphatase has a lower turnover rate than horseradish peroxidase 
and hence substrate reactions are slower.
I.C Immunoassay solid phase supports
A number of solid phase supports have been used for immunoassays, including sepharose 
beads which have high binding characteristics, plastic tubes, and 96-well microtitre plates. 
Plastic tubes have been widely used for RIA assays where antigen or antibody are absorbed 
into the plastic surface and incubated with sample and label. The separation step involves 
removal of excess sample and label by washing of the tube with wash buffer. Reaction 
volumes are typically 250- 300|l i 1 to 1ml for such tube assays.
A further development in solid phase sample presentation has been the microtitre plate, 
MTP, which is now widely used for enzyme assays and immunoassays. This has the 
advantage of larger sample format, with an array of 96 reaction wells. Microtitre plates are 
generally made of polythene, which has a fairly low binding capacity for coating with 
antibody or antigen. For colour assays, such as ELISA, a clear transparent plate is used.
For fluorescent assays, dyes may be introduced into the plastic material of the plates to 
make them opaque, as is the case with white or black microtitre plates (Dynatech 
Laboratories). The surface properties of these plates for binding proteins are variable and 
the plates are generally tested for their binding characteristics when developing a given 
assay.
I D Luminescence as an alternative to radiolabelled immunoassays
As previously described, enzymes offer an alternative to radioisotopes as labels for 
immunoassays. They overcome many of the disadvantages of radioisotopes, including 
hazards of preparation and handling, the stability and short half-life of the labels, and the 
time taken to obtain a useful measurement of activity.
Enzyme labels may be linked to colour reactions, whereby a substrate is converted into a
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colour product which may be detected or measured through absorbance spectrophotometry. 
A further possibility for a non-isotopic immunoassay is the use of chemiluminescent and 
bioluminescent labels or enzymes substrates, which require the detection and measurement 
of very low light levels. The nature of luminescent systems and their comparison with 
colour and radioisotopic labels will be described in the following section.
II. LUMINESCENCE
II.A Bioluminescence and chemiluminescence systems
Luminescence may be classified according to the nature of the luminescent chemistry, 
whether bioluminescent or chemiluminescent in origin. A variety of naturally occurring 
luminous organisms are known, both prokaryotic and eukaryotic, including a number of 
species of marine life including marine bacteria, insects and fungi. Those species that have 
been most investigated include marine bacteria such as Photobacterium and Vibrio fisheri\ 
marine organisms such as jellyfish (Aequorea), squid and dinoflagellates; insects including 
the firefly {Photinus pyrails) and glow-worms.
The physical characteristics of these organisms, together with their cellular biochemistry, 
have been investigated by a number of groups to understand the nature of the luminescent 
processes that occur in these organisms. Those that have been most widely investigated 
include firefly luciferase derived from the firefly beetle, and bacterial luciferase derived 
from marine bacteria, and both these luminescent systems have been investigated for their 
application to enzyme assays and potentially to immunoassays. Luminescence processes 
and assays have been described in a number of reviews [De Luca, 1978; De Luca and 
McElroy, 1981; Burr, 1985].
Chemiluminescence systems which involve the chemical production of light have also been 
studied for their application in enzyme assays. Most chemiluminescence reactions involve 
oxidation reactions whereby chemiluminecent compounds such as luminol or acridinium 
esters such as lucigenin are activated to produce an excited state molecule in the presence 
of strong oxidants including oxygen and peroxide. These excited molecules release energy 
as light as they return to ground state. The most widely studied chemiluminecent system is 
the catalytic oxidation of luminol by the enzyme horseradish peroxidase and this system
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has been chosen for the development of sensitive luminescent enzyme immunoassays in 
this thesis. The firefly and bacterial luciferase bioluminescent enzyme systems and the 
horseradish peroxidase and alkaline phosphatase chemiluminescent enzyme systems were 
investigated and used as labels for the development of novel luminescent immunoassays 
and cellular assays.
II.A.l Firefly luciferase
Firefly luciferase and luciferin are generally obtained and purified from extracts of the 
american firefly, Photinus pyralis. Firefly luciferase catalyses the activation of luciferin 
using ATP and oxygen to produce an activated enzyme-bound complex which decomposes 
to produce light. In the firefly luciferase enzyme reaction, shown in Figure I.l, D-luciferin 
(LH2 ) is activated in the presence of ATP and magnesium ions (Mg^ "^ ) resulting in the 
formation of enzyme-bound luciferyl adenylate (E.LH2  AMP). This enzyme complex 
reacts with oxygen leading to the formation of enzyme-bound excited product (excited 
oxyluciferin) via several intermediate steps. This excited intermediate decomposes to give 
enzyme product complex and light [McElroy and Deluca, 1973; DeLuca and McElroy, 
1974]. The inorganic pyrophosphate produced in the first stage of the reaction inhibits the 
formation of the LH2 AMP complex and hence inhibits the light emission. The final 
product, dehydroluciferin, competes with D-luciferin for binding to the luciferase enzyme 
and is also an inhibitor of the reaction. The luciferin and ATP substrate binding properties 
have been previously described [Denburg et ah, 1969; Lee et ah, 1970]. The quantum 
yield of the reaction has been measured to be near unity [Seliger and McElroy, I960].
Light emission from the firefly luciferase reaction has a peak emission at around 560 nm, 
and the colour of the yellow-green light emission has been found to vary with species of 
firefly. This peak emission wavelength may be altered in enzyme assays with pH and 
ionic concentration and other factors including certain metals ions [Seliger and Morton, 
1968].
Firefly luciferase is a dimeric protein with an approximate molecular weight of 100,000.
The enzyme has been shown to be hydrophobic and hence has poor solubility [DeLuca et 
ah, 1964]. Firefly luciferase has two sulfhydryl groups which are associated with the 
active site of the enzyme and chemical modification of these groups can result in loss of 
enzyme activity. Luciferase is therefore stored in solution with agents such as
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Introduction
E + LH 2  + ATP 
Luciferase + D-Luciferin
Mg'
E-D.LH2-AMP + PPi 
Luciferase-bound + pyrophosphate 
Luciferyl adenylate
E-LH,-AMP + O.
E-P*
[P'E-AMP] + CO2 
excited 
complex
E-P + AMP + LIGHT (>w=565nm)
Luciferase
oxyluciferin
HO
H
Cc'HOr HO
0
D-Luciferin Oxyluciferin
Figure LI Reaction scheme for the bioluminescent reaction of firefly luciferase, D-luciferin 
and ATP, showing the proposed formation of intermediates [reviewed by 
McElroy and DeLuca, 1973]. The structures of D-luciferin and the product 
oxyluciferin are also shown.
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dithiothreitol to protect the sulfhydryl groups. The enzyme is also susceptible to 
conjugation techniques which involve modification of residues such as histidine resulting in 
loss of activity (> 80%) [Hastings and Nealson, 1977] and hence luciferase is not suited to 
protein conjugation to antibodies as an enzyme label.
II.A.2 Bacterial luciferase
The bioluminescence seen in marine photobacteria, of which Vibrio harveyi (Beneckea 
harveyi). Photobacterium phosphoreum and Vibrio fischeri {Photobacterium fischeri) have 
been most widely studied, is based on the coupled enzyme-catalysed reactions of the two 
enzymes NAD(P)H:FMN oxidoreductase and bacterial luciferase. The reaction scheme, 
which has been elucidated and reviewed by Hastings and co-workers [Hastings and 
Nealson, 1977] shown in Figure 1.2, shows that in the first reaction FMN is reduced to 
FMNHg with NADH or NADPH in the presence of the NAD(P)H:FMN oxidoreductase.
The FMNH2  produced in this first reaction is then oxidised by the luciferase enzyme, via a 
series of intermediate steps, in the presence of a long chain aliphatic aldehyde (such as 
decanal) to produce light. The intermediate stages are shown in the reaction scheme. 
FMNH2  binds to the luciferase producing an intermediate which is then oxidised to produce 
a second intermediate which in turn reacts with a long chain aldehyde to produce FMN, the 
corresponding carboxylic acid and light. The turnover of bacterial luciferase is slow with a 
cycle time of about 2-10 seconds depending on the species. Any unbound FMNH2  is 
rapidly autoxidised. A ‘dark reaction’ takes place in the absence of sufficient aldehyde 
whereby the intermediate peroxy flavin complex breaks down to produce FMN and H2 O2 , 
and hence the aldehyde is essential for light production [Hastings et al., 1976] The 
quantum yield of this reaction is between 10-30% with peak emission at around 490nm.
The luciferases from Vibrio harveyi and Vibrio fisheri have been found to be heterodimeric 
proteins, composed of two subunits, a  and p, with relative molecular weights of 
approximately 42,000 and 37,000 respectively [Hastings et ah, 1969]. The luciferases from 
different species are distinct both structurally, in their amino acid composition, in their 
response to pH and to different reduced flavins and aldehyde chain lengths, and in their 
kinetics of light emission. The active site of the enzyme has been located on the a  subunit 
and detailed studies have shown that a reactive cysteinyl residue is associated with FMNH2  
binding [Welches and Baldwin, 1981]. The role of the p subunit is not clear although it is
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Marine Bacterial Luciferase (Vibrio harveyi. Vibrio fisheri)
NAD(P)H FMN 
oxidoreductase
FMN + NAD(P)H--------------------------- — NAD(P) + FMNHj
Bacterial Luciferase
FMNH2 + RCHO + O2-------------------- ^  FMN + R œ O H
+ H2 O + LIGHT (> w  490nm)
Proposed Mechanism of Reaction
O2 Dark Reaction
E + FMNH2  ^  E- FMNH2 -----------"-E- EMNHOOH------------------ ►E-FMN + H ,0
luciferase intermediate I  intermediate II
RCHO
E- EMNHOOH 
RCHO
intermediate Ha
E + FMN + RCOOH + LIGHT
Figure 1.2 Proposed reaction scheme and mechanism for the bioluminescent reaction of
NAD(P)H:FMM oxidoreductase and bacterial luciferase with NAD(P)H, FMNH2 , 
decanal and oxygen [Hastings and Nealson, 1977]. ,
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essential for luminescence activity. Bacterial luciferase has between 12 to 15 sulfhydryl 
groups and in Vibrio harveyi reactive sulfhydryl groups are associated with the active site 
on the a  subunit [Nicoli and Hastings, 1974; Nicoli et al., 1974].
n.A.3 Horseradish peroxidase/luminol
Peroxidase enzymes can be used for chemiluminescent assays either by catalysing the 
oxidation of a chemiluminescent substrate or by producing singlet oxygen which in turn 
can be linked to a chemiluminescent process. The most widely studied chemiluminescent 
assay for the enzyme horseradish peroxidase is based on the catalysed oxidation of the 
substrate luminol in the presence of oxidants such as hydrogen peroxide. The 
chemiluminescent oxidation of luminol was first observed by Albrecht [Albrecht, 1928]. 
Luminol is a cyclic diacyl hydrazide (5-amino-2,3-dihydro-1,4-phthalazine dione) which is 
oxidase to produce an excited 3-aminophthalate dianion in a singlet state, which produces 
light. A proposed mechanism for this chemiluminescent reaction is shown in Figure 1.3.
In the first step, luminol is oxidised by a peroxidase-peroxide complex to produce a 
luminol radical or anion, L“. This luminol radical then undergoes further reactions via a 
superoxide radical step to produce luminol endoperoxidase. The luminol endoperoxidase 
then breaks down to form an excited 3-aminophthalate dianion which emits light on return 
to the ground state. The light emission from this reaction has a peak wave length of 425 
nm. The pH maximum for this peroxidase catalysed reaction with luminol reaction is 
between 8 and 9. Further studies have been made on luminol and its analogues to 
investigate the efficiency, wavelength of light emissions, assay conditions and types of 
oxidants that may be used. Assay conditions have been found to affect light emission and 
this depends on pH, the types of oxidants used and the presence of catalysts including 
transition metals and haem containing proteins such as haemoglobin and peroxidase. 
Luminol has been found to be the most efficient chemiluminescent substrate for this 
reaction, compared with the analogue isoluminol which has only 10% of the efficiency of 
luminol [Schroeder and Yeager, 1978].
A number of enhancers have been found to increase the light yield from this luminol 
chemiluminescent reaction. Such enhancers include firefly luciferin [Whitehead et al.,
1983] which has been found to give a several fold increase in light emission. Further 
investigation of enhancer molecules has lead to the discovery of more effective enhancers
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Horseradish Peroxidase and Luminol
Peroxidase + H ,0 Compound I + HjO
Compound I + LH*
(luminol)
Compound II + L" + HjO 
(luminol radical)
Compound II + LH’ ^ Peroxidase + L"
L* + L + O2
L" + 0, LÛ2^ ’
(luminol endoperoxide)
LÛ2^ ’ 2-N2  + AP 
(excited 3-aminophthalate dianion)
AP*2' LIGHT + 3-aminophthalate dianion
Luminol (5 amino-2,3-dihydro 1,4 phthalazine dione) 
O
NH 
I
NH
Figure 1.3 Proposed reaction scheme for horseradish peroxidase catalyzed oxidation of 
luminol and hydrogen peroxide [Thorpe and Kricka, 1986].
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based on 6-hydroxybenzothiazole derivatives and para-substituted phenols which give 
>1000 fold increase in light emission. The kinetics of light emission are more stable, with 
prolonged emission over 15-20 minutes being achieved. A further advantage of enhancers 
is that they reduce the chemical blank obtained with luminol and H2 0  ^ in the absence of the 
peroxidase enzyme. These para-substituted phenols such as para-iodophenol offer the 
potential for use in chemiluminescent immunoassays linked to horseradish peroxidase.
II.A.rV Applications of luminescence assays
Luminescence assays using firefly and bacterial luciferases, chemiluminescent substrates for 
enzymes such as oxidases, and luminescent labels have been developed and applied for 
enzyme assays and immunoassays. Luminescence assays have been described in a number 
of reviews [DeLuca, 1978; Whitehead et a/.,1979; DeLuca and McElroy, 1981; Deluca,
1983; Kricka and Thorpe, 1983; Wood, 1984, Barnard et al., 1985, and Burr, 1985,].
Applications of the firefly luciferase/luciferin/ATP reaction have been developed for the 
rapid and sensitive detection of ATP in bacterial and mammalian cells. The ATP assay for 
the estimation of bacterial cell numbers has reported detection limits corresponding to 10 -^ 
10'^  bacterial cells, and has been applied to detection of biomass in foodstuffs and for 
screening bacteriuria [Stanley, 1989; Thore et a l, 1983]. Such ATP assays have been 
developed conunercially and are available in kit form using highly purified luciferase and 
luciferin extracts, which are optimized to yield continuous light emission relative to the 
short lived flash kinetics of the firefly reaction in vivo. Bacterial luciferase has been used 
to measure NADH and NADPH and other metabolites or enzymes which are coupled to the 
luciferase reaction. Enzyme assays have been developed using co-immobilised enzymes 
and applied to the detection of glucose and cellular metabolites as well as steroid hormones 
[Ford and DeLuca, 1981; DeLuca and Kricka, 1983]. Chemiluminescent immunoassays 
have been demonstrated for a number of applications as an alternative to colour or 
radioisotopic assays. Horseradish peroxidase assays using luminol or isoluminol and 
hydrogen peroxide have been developed for hormone assays and detection of antigens 
[Whitehead et ah, 1983]. Other chemiluminescent labels include acridinium esters which 
have been used in homogeneous assays for hormones such as alpha-foetoprotein and 
thyrotropin [Weeks et a l, 1983; Weeks et al., 1984; and Barnard et al., 1984].
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II.B The nature of luminescent processes
The process of luminescence refers to all forms of light emission including 
chemiluminescence, bioluminescence, fluorescence and phosphorescence, but excludes 
incandescence. Chemiluminescence is derived from the energy of a chemical reaction, and 
bioluminescence is when the reaction takes place within living organisms, e.g. glow-worms 
and fireflies. When the external energy supply is by means of the absorption of infrared, 
visible or ultraviolet light, the emitted light is called photoluminescence and this is the 
process that takes place in fluorescence. The molecular processes of photochemical 
emission in luminescent molecules are indicated in Figure 1.4 and are described as follows.
At room temperature most molecules occupy the ground state of energy, which is the 
lowest vibrational level of the lowest electronic state (Sq). In fluorescence reactions, on 
absorption of light these lowest electronic states are elevated to produce excited states 
(Figure 1.4). Excitation can result in the molecule reaching any of the vibrational sub- 
levels associated with any electronic state within reach. A molecule which absorbs energy 
and reaches one of the higher vibrational levels of an electronic state then rapidly loses its 
excess of vibrational energy by collision (vibrational relaxation) falling to the lowest 
vibrational level of that electronic state. Almost all molecules occupying an electronic 
state equal to or higher than the second (S2 ) undergo internal conversion and pass from the 
lowest vibrational level of this upper state to a higher vibrational level of a lower 
electronic state which has the same energy. Further loss of vibrational energy occurs until 
the lowest vibrational level of the first electronic state (S )^ is reached.
When the molecule returns from the lowest vibrational level of to any of the vibrational 
levels of the ground electronic state (Sq), it emits its energy in the form of fluorescence. 
This process normally takes 1-10 ns. If this process were to take place for all the 
molecules that absorbed light then the quantum efficiency of the solution would be a 
maximum, namely unity. If however any other route is followed, the quantum efficiency 
will be less than unity and may even be almost zero.
In Figure 1.4 another source of light, namely phosphorescence, is indicated. This process 
entails a molecule reaching one of its triplet electronic levels via a singlet excited state by
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Figure 1.4
Energy level diagram showing the transitions between electronic states for photo-excitation, 
chemi-excitation, and fluorescence chemiluminescence and phosphorescence emission. 
Electronic and vibrational energy levels are shown for the singlet and triplet states. 
Absorption of a photon produces excitation from the singlet ground state (S q) to an excited 
singlet state (Sj or S2 ). The transition from Sj to S2  can be very quick resulting in 
radiationless conversion. The system falls to the lowest vibrational energy level of S\ by 
vibrational relaxation. Fluorescence and chemiluminescence is produced by radiative 
transition to Sq, with subsequent vibrational relaxation to the lowest vibrational level of the 
ground state. If intersystem crossing occurs from S, (singlet) to T, (triplet), 
phosphorescence may occur by radiative transition to Sq. Where the deactivation from 
excited state is by radiationless conversion a form of quenching, or reduction of light 
emission, occurs.
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the process of ‘intersystem crossing’. This involves a pair of electrons, one of which is the 
excited one, having parallel spins. Normally, all the electrons in a molecule are in singlet 
states, with each pair having antiparallel spins. Decay from this triplet excited state 
involves firstly return to the lower vibrational level, and then return to the ground state (S q) 
of the molecule from the triplet electron state by photon emission. The lifetime of this 
triplet state is in the range 0.1 ms to Is, and therefore phosphorescence decay is much 
slower than fluorescence, whose decay time is 1-10 ns.
In chemiluminescence. the excited electronics states Sj or Sj are reached by chemical 
activation i.e. this excited state is itself a product of the chemical reaction. Clearly the 
chemical reaction must release sufficient energy to reach the activation energy required to 
result in the excited state. In some chemiluminescent reactions, chemical reactive 
intermediates are produced which transfer energy to a second molecule, which in turn is , 
excited. A chemiluminescent reaction may be represented by a molecule A reacting with 
another molecule B, to give the excited state C* of a product molecule C. This excited 
state, C*, returns to the ground state C by the emission of a single quantum of light:
A + B ---------------- C*---------- C + hvI
D
Competing with this reaction path may be a dark reaction in which the molecule A, say, is 
converted into another product D, without the emission of light [Lee, 1972]. The 
chemiluminescent quantum efficiency can be expressed as the ratio of the light reaction 
rate to the sum of the rates of all possible reactions involving A, including the dark 
reaction. Hence the quantum yield is increased by driving the rate of the light reaction in 
preference to all other reactions. This can be achieved for example, by increasing the 
concentration of B, or through the addition of chemicals which reduce competing reactions. 
In practise, chemiluminescent enhancer molecules are thought to work by reducing the rate 
of the dark reactions.
II.C Measurement of chemiluminescent and fluorescent reactions
The instruments employed for the measurement of chemiluminescent and fluorescent
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emission are called luminometers and fluorimeters, and currently are based on single­
channel devices. They mainly employ photomultiplier detectors and to some extent 
photodiodes, of which the physical properties will be described in section III of this 
introduction. In the following sub-sections luminometers and fluorimeters are briefly 
described. A number of important issues involved in measuring light emission from 
luminescent assays, including sample presentation, quantum yield, lifetime of emission, 
quenching and pH effects are discussed.
n.C.l Luminometers
Luminometers are instruments which measure light emission from luminescent samples 
using either a photomultiplier or photodiode detector. Photomultipliers are more sensitive 
for photo detection and are available in a variety of sizes, spectral response and 
sensitivities. They may be set to measure current or electrical pulse height for photon 
counting. They can be selected with different spectral response depending on the 
wavelength of light emission to be measured, typically in a range 400-580 nm. 
Photomultiplier and photodiode detectors are described further in section IV.A of this 
introduction.
A range of luminometers are available commercially both for sample presentation in tubes 
or cuvettes and more recently for microtitre plates. A review of luminometers, available 
at the time the work of this thesis was started, has been made by Stanley [Stanley, 1986]. 
Sample tubes are introduced to the luminometer in a light tight chamber which is closed 
before a reading is taken. The photomultiplier is perpendicular to the sample tube and 
gathers light from the tube which is surrounded by reflectors. Reagents, particularly 
substrate or enzyme activator, may be introduced externally through liquid injectors whilst 
the sample tube is in the detector chamber, allowing the measurement of luminescence 
immediately after activation. This is particularly useful for flash light emission which has 
rapid kinetics such as the ATP luciferase reaction.
A number of factors will effect the characteristics of a luminescence reaction including pH 
of the solution, kinetics of light emission and internal quenching effects. The pH of the 
reaction can effect the colour and intensity of light emission, particularly for enzymes such 
as peroxidase or luciferase which have optimum pH values for peak light emission.
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Reagent buffers are required for these luminescent reactions. For tube luminometers the 
minimum sample volume is typically 150-200 pi with a maximum volume of 
approximately 600 pi - 1 ml.
II.C.2 Fluorimeters
Simple spectrofluorimeters measure the spectral distribution of the light emission from a 
sample, and the fluorescence emission spectrum. Such fluorimeters use either a 
continuously variable interference filter or a monochromator for selection of the excitation 
wavelength. Monochromators may be used both for selection of wavelength and for 
analysis of sample emission. Spectrofluorimeters which use monochromators are capable 
of scanning the emission intensity as a function of exciting wavelength, and hence 
determining the fluorescence excitation and emission spectra.
For general use in the measurement of fluorescence assays, sensitive fluorimeters use 
excitation and emission filters, which allow the integration of fluorescence emission from a 
sample over the full range of wavelengths emitted, and also permit use of high source 
intensity for excitation.
As with chemiluminescent assays, most fluorescence assays are carried out in solution, 
using a cuvette as a sample holder. Cuvettes may be either circular or more usually 
square. The cuvette is placed normal to the incident beam and the resulting fluorescence is 
given off equally in all directions. The emission is measured from either the front surface 
of the cuvette at an angle to the incident beam (e.g. 90°), or in-line with the incident beam. 
Light scattering effects occur in fluorescence assays where incident radiation is absorbed 
and transmitted by the sample and is also scattered in all directions. The scattering may 
occur from the fluorescent molecules themselves, in the case of Rayleigh scattering, or 
from small particles in suspension in the case of Tyndall scattering. This scattered light is 
detected as background and will limit the sensitivity of an assay where the wavelength of 
fluorescence emission is close to the excitation wavelength, i.e. at a small Stokes shift, 
where the scattered light cannot be easily separated by the use of filters and measurement 
optics. The general considerations involved in the use of fluorescence spectrometry and 
measurement, including sample geometry, selection of filters, correction of excitation and
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emission spectra, and calculations of quantum yields have been described in a number of 
references [Udenfriend, 1969; Guilbault, 1973; Miller, 1981].
The control of pH is important for fluorescent assays and buffer solutions are used for 
most assays. Changes in pH may affect the intensity and spectral characteristics of 
fluorescence emission, but this effect is only substantial for molecules which ionise. For 
example, most phenols are fluorescent in neutral or acidic pH solutions, but at basic pH the 
non-fluorescent phenate ion is formed with a corresponding reduction in fluorescence 
emission.
in. PRINCIPLES OF PHOTON COUNTING
The luminescence techniques described in the previous sections require for their 
exploitation photon counting devices of extreme sensitivity. In this section the physical 
factors affecting sensitivity will be discussed including the photon nature of light and how 
this determines the responsivity of photon detectors, and the importance of noise as a 
limitation on performance.
III.A Nature of light as photons
In detecting luminescence at low light levels, one must take account of the particle nature 
of light, namely that light consists of a stream of small discrete particles called photons. It 
is well known that light is characterised by properties such as wavelength, polarisation, 
energy and intensity or flux. Such properties may be associated with the properties of the 
underlying photons. Thus a single photon has a wavelength (lambda) which uniquely 
determines its energy (E) through the Einstein formula E = hc/lambda, where h is Plank’s 
constant (h = 6.6x10’^ "^ Joule sec) and c is the velocity of light (c =3x10* m.s'^)
The energy flow of a beam of light is therefore a consequence of the flux (i.e. energy 
striking a unit area per unit time) of underlying photons, each of which carries a precise 
energy. The polarisation of a beam of light results from the state of polarisation of the 
constituent photons, which may be defined mathematically. Other well known properties 
of light such as the laws of rectilinear propagation, of reflection and of refraction in media, 
also follow from its underlying particle nature. These latter properties, together with 
wavelength and polarisation, are also generally associated with wave-like phenomena. This
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gave rise historically to the concept of a ‘wave-particle dual nature’ of light. This duality 
was to be explained through the modern approach of quantum mechanics, whereby the 
motion of the particle (i.e. the photon) can only be described statistically; the statistical 
distribution of photons in space and time is given by the properties of the electromagnetic 
wave.
Luminescent light emission ultimately involves de-excitation of a molecular state via 
emission of a photon. Although a particular molecule usually emits a photon in a preferred 
direction, given by the laws of quantum mechanics, a luminescent assay even at the 
attomole level involves millions of molecules which are randomly orientated. The resultant 
light emission is consequently random in all directions and is isotropic. The light emission 
is also random in time and hence one can only describe an average rate of emission of 
light from a source and can never predict precisely when the next photon will arrive at a 
detector. For discussion of the physical principles and properties of light and light 
detection one may refer to numerous text books, such as ‘Physics - Foundations and 
Applications’, by Eisberg and Lemer, 1981.
III.B Photon counting - the challenge of ultra low-light imaging
This thesis will introduce and describe several ultra low-light imaging systems and their 
use for the measurement of luminescent assays. These systems face the challenge of 
detecting, visualising and measuring quantities of light of the smallest magnitude.
The size of the challenge of detecting ultra low-light levels may be conveyed in Figure 
1.5(a), which has been adapted from the technical literature, and Figure 1.5(b). In Figure 
1.5(a) the ranges of source strengths associated with light emitting processes encompassed 
by today’s needs are shown and in Figure 1.5(b) the methods of detection covering the 
given ranges are depicted. The measures of source strengths in different units are given in 
the scales at the top and bottom of each figure; the top scale is illuminance measured in 
lux and the bottom scale is photon flux measured in photons per mm^ per second. [The SI 
definition of lux includes the response of the human eye to the wavelength of light 
concerned. This response is called the photopic curve, and has a peak at about 550 nm.
A calculation based on the photopic curve must be used when relating photon fluxes to the 
lux values for light sources comprising wavelengths other than 550 nm]. Thus in
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a) Range of practical light levels that can be measured using different low-light level detectors
b) Range of source strengths associated with the practical limits of various optical, luminescent 
and radiant processes
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Figure 1.5(b) one sees, for example, that Polaroid film covers a range from about 1 lux 
down to about 0.1 millilux (mix), whereas the dark adapted human eye can only function 
down to a level of order 1 mix. Referring to Figure 1.5(a), it is seen that bioluminescent 
samples on the other hand, have brightnesses that must be detected and measured down to 
levels of one nanolux (nix). The significance of this tiny amount of light is best conveyed 
by referring to the bottom scale of the figure, which states that this quantity is equivalent 
to about one quantum of visible light, i.e. about one photon, emitted per square millimetre 
per second. This is six orders of magnitude smaller than the level of brightness on a starlit 
night, which is about the limit of sensitivity of Vidicon cameras. One therefore needs 
actual photon-counting instruments to perform this detection and measurement function 
which must furthermore have an imaging capability to measure photons in two-dimensions. 
Such photon imaging instruments are the main subject of this thesis.
III.C Processes of photon detection
There are two distinct physical processes used for low light level detection, namely:
1) The photoelectric effect: certain substances release electrons, referred to as 
photoelectrons, when struck by a photon. This process whereby a single electron is ejected 
by a single photon striking a surface is called the photoelectric effect. It is the basis of 
detection for photomultipliers (PMT’s) and image intensifiers, in which the surface 
becomes a photocathode so that the ejected photoelectrons may be collected at an anode. 
Only a fraction of the photons incident on a photocathode produce photoelectrons, typically 
10-20%, the probability being referred to as the quantum efficiency of the surface. The 
photocathode input of most cameras is about 18 to 25mm diameter.
2) Solid-state detectors: in solid state detectors the effect is used whereby a single 
photon incident on a semiconductor (pnp) junction may be absorbed and create a single 
electron-hole pair. The collection of these electrons (or holes) is the basis for photon 
detection in silicon photodiodes and CCD’s. The photosensitive area is typically 1-1.5 cm .^ 
At longer wavelengths CCD’s have high quantum efficiency, typically >50% at 800nm, 
though the efficiency falls at shorter wavelengths and is comparable to that of 
photocathode based detectors at 500 nm.
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The electrons resulting from these two processes are subsequently amplified and measured 
in a variety of ways depending on the type of detector. The detectors themselves , both 
single channel and two-dimensional imaging detectors, will be introduced in sections IV 
and V, and their characteristics briefly described.
HI D Characteristics of low-light level detectors
There are a number of important characteristics which must be considered when assessing 
photon detectors. These include spectral response, quantum efficiency, noise, overall 
sensitivity and signal-to-noise ratio, dynamic range and spatial resolution. Characteristics 
and noise sources in optical radiation detectors are described in various physics references 
[Dereniak and Crowe, 1984; Douglas, 1979].
Spectral response: this is related to the fact that the physical processes of photon detection 
described above are wavelength dependent. For photocathode-based detectors, the spectral 
response is dependent on the type of photocathode used and therefore the choice of 
photocathode should match the wavelength range of the luminescent chemistry being 
measured, e.g. 450-470 nm for enhanced luminol chemiluminescence or fluorescence 
emission from 4-methylumbelliferone, compared with emission at longer wavelengths for, 
e.g., firefly luciferase luminescence at 540 nm. Curves showing the spectral response of 
various photocathode and CCD devices are readily available.
Quantum efficiency: this is the probability that an incoming photon will be absorbed and 
produce an electron in the detector and is typically between 10% and 20% (peak) for a 
photocathode. _
Noise: any detector system has a variety of sources of noise which may be classified as 
shot noise, dark current noise, and post-detector noise including read-out noise and 
electronic noise. Shot noise is the result of the random nature of emission and arrival of 
photons. As these processes are approximately Poisson it means that the standard deviation 
in the number of photons observed or detected is equal to the square root of the mean 
number of such photons. Dark current noise results from the spontaneous generation of
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electrons at a photocathode or of electron-hole pairs within a semi-conductor device, and 
this noise strongly increases with temperature. Such noise events in a photocathode or 
semi-conductor cannot be distinguished from photoelectrons or electro-hole pairs generated 
by signal photons. This background noise is generally estimated in photon detectors by 
first measuring the counts in the absence of the signal, and then subtracting this quantity 
from the counts obtained in the presence of signal. However, a residual error remains in 
this correction procedure because of the statistical (Poisson) fluctuations in the estimate of 
background. Post-detector noise includes electronic noise resulting from noise in 
amplifiers and other signal processing electronics, and in the case of the CCD noise 
associated with the read-out of the device itself. This has to be reduced by careful design 
and set-up of the system and may be partly corrected by background subtraction.
Sensitivity and signal-to-noise ratio: detector noise ultimately limits sensitivity and such 
background can mask small signals. A sensitive detector will therefore need to have a 
combination of high quantum efficiency for signal detection and low noise to minimise 
background. The figure of merit generally used to describe the sensitivity is the signal-to- 
noise ratio (S/N). When S/N is poor, as in the case of very low photon fluxes, the 
statistical accuracy of a measurement can be improved by extending the measurement time 
interval. In the specific case of shot noise, the S/N ratio improves in proportion to the 
square root of the time for which the signal is sampled.
Dynamic range: this may be defined as the ratio of the brightest to the weakest light 
source that can be measured by a detector with a given optical set-up and measurement 
time. The upper end of the dynamic range is usually limited by saturation effects in the 
detector system and the lower end by noise.
IV. PHOTON COUNTING DEVICES
Photon counting devices, both single channel and multichannel imaging detectors, have 
been in use for physics applications for many years. These detectors have been developed 
and used to measure all types of radiation including the detection of electromagnetism 
radiation at all parts of the spectrum (radio waves, infra-red, visible, ultra-violet. X-rays 
and y-rays) as well as for non-electromagnetic radiation including charged particles (e.g. 
protons, mesons) and neutral particles (neutrons). They have been applied in many fields
- 25 -
Introduction
such as astrophysics, solid-state physics, spectroscopy and nuclear and particle physics.
For this thesis the instruments used for low-light measurement in biomedical applications 
such as radioactivity (scintillation detectors) and luminescence (luminometers and 
fluorometers) are described. Such instruments generally vailable make use of single 
channel detectors, namely photomultipliers (PMT’s) and photodiodes, which will be 
described first. For more detail one is referred to the technical literature 
[‘Photomultiplier’, Thom-EMI 1982; ‘Photomultiplier Tubes’, Hamamatsu 1983; 
Photodiodes’, Hamamatsu 1987] and to the review of Wampler [Wampler, 1985].
IV.A Single channel devices
IV.A.l The photomultiplier tube.
The photomultiplier tube (PMT) is an extremely sensitive light detector consisting of a 
large area photocathode (typically 25 - 50 mm diameter) followed by focusing electrodes, 
an electron multiplier and an anode for electron collection. These components are 
contained and sealed in a vacuum tube. An incident photon enters through an input 
window and liberates a photoelectron from the photocathode. Each photoelectron is 
directed by the focusing electrode voltages along the electron multiplier , which is a series 
of dynodes where the electrons are multiplied by the process of secondary emission. The 
multiplied electrons are collected by the anode as an output electrical signal. Such PMT 
detectors offer high gain (10'* - 10*), fast time response, low noise and sensitivity to 
photons over a range of wavelengths (100 -900 nm) depending on the choice of input 
window and photocathode.
Most luminometers which use PMT’s are true photon counting systems which have high 
sensitivity and wide dynamic range (of order 10 )^ which make them very suitable for 
luminescence detection. Conventional tube luminometers measure luminescent samples in 
tubes or cuvettes, with a sample volume of 0.5-1.0 ml. More recently, microtitre plate 
luminometers have become available which use a single or a series of PMT’s (6 or 8) 
which track across the plate, moving from well to well. Sample volumes can be from 
approximately 0.05-0.3 ml.
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IV.A.2 Photodiodes
Photodiodes are solid-state devices which use for the process of photon detection the 
process of electron-hole formation at a p-n junction when struck by an incident photon of 
light. Photodiodes are available in various types, for example PN and avalanche type, 
which can be chosen depending on the application required. Avalanche photodiodes are 
useful for detecting extremely low-light levels [Brown et al., 1986]. Photodiodes combine 
the advantages of low cost, linearity and wide spectral response, but lack sensitivity and 
are noisy relative to PMT’s [Ingerson et al., 1983]. They are particularly useful for 
compact, portable luminometers although they do not offer the sensitivity of PMT based 
luminometers.
IV.B Photon imaging detector systems
The ultra low-light imaging systems used in this thesis for the measurement of luminescent 
assays were the Imaging Photon Detector (IPD), the slow-scan cooled CCD and the real­
time intensified CCD.
IV.B.1 Photon counting imaging systems
The IPD is an example of a true photon counting system, as is the Photon-Counting Image 
Acquisition System (PIAS). In each of these systems a photocathode is used as a primary 
detector within an image intensifier. An image intensifier reproduces at its output an image 
identical to the one presented at the input and the net gain in intensity is obtained either by 
accelerating the electron emitted by the photocathode in a strong electric field or by 
amplifying the number of electrons in a microchannel plate. The resulting electrons may 
be read-out by position sensitive detectors such as resistive or conductive anodes as used in 
the IPD and PIAS. Alternatively, in a free standing image intensifier tube the resulting 
accelerated or amplified electrons strike a phosphorescent screen liberating large numbers 
of secondary photons. This amplified image may in turn be imaged by a vidicon camera. 
The IPD was available when the work of this thesis was started and this detector is 
described in Chapter 1. The PIAS was not generally available and so was not considered 
further.
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IV.B.2 Slow-scan cooled CCD’s
In these devices the CCD (charge-coupled device) is the primary detector of the photon 
image. The CCD is cooled to either liquid nitrogen temperature cryogenically, or to 
about -50°C by the pettier effect, to reduce dark current noise as much as possible. The 
CCD is read out slowly to minimise the electronic noise generated by the read-out process, 
a procedure which may take several seconds. The CCD is therefore an integrating device, 
like film, in which the image is allowed to accumulate and read-out once at the end of the 
integration period. The slow-scan, cooled CCD detector is described in Chapter 2.
IV.B.3 Real-time intensified CCD’s
A more recent development is the use of an image intensifier coupled at its output to a 
CCD. Since the intensifier increases the brightness of the image received at the CCD by 
several orders of magnitude, this allows the CCD to detect single photons incident on the 
image intensifier even if it is operated at room temperature. The CCD can also be read out 
at a high rate, e.g. TV frame rates of 25 or 30 frames per second, giving almost real-time 
detection capability. The intensified CCD detector is described in Chapter 7.
V PHOTON IMAGING DETECTORS FOR THE QUANTITATIVE
MEASUREMENT OF SENSITIVE LUMINESCENT REACTIONS FOR 
IMMUNOASSAYS AND CELLULAR ASSAYS
Immunoassay techniques have been developed and applied for the detection of small 
quantities of biological agents such as antigen and antibodies and cellular analytes. The 
demand for increased sensitivity and specificity in these assays, arising particularly in the 
fields of medical diagnostics and pharmaceutical research, has let to the development of 
new assay techniques based on enzyme-linked immunoassays. These techniques offer more 
rapid and highly sensitive methods to replace more traditional screening methods, such as 
those based on radiolabelled assays or cell culture for microbial identification.
The object of this thesis was to develop a combination of strategies to meet the demand for 
highly sensitive and rapid methods for the detection of infectious diseases, microbial agents
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and cellular markers using enzyme immunoassays. These strategies included the use of 
high affinity antibodies for increased sensitivity, and the use of new luminescent methods 
employing efficient and sensitive labels for detection. A further major aspect was the 
opportunity to develop the use of advanced photon imaging systems to detect and quantify 
the ultra low-light levels associated with these new sensitive luminescent assays. These 
approaches offered the potential to develop new sample presentation formats for processing 
and measuring multiple sensitive assays simultaneously for rapid screening. The imaging 
approach also offered the flexibility to measure luminescent processes in free-formats or 
unknown arrays such as cellular assays or gels and blots.
Monoclonal antibodies with high affinity and specificity were becoming available for the 
detection of specific antigens and cellular markers. Such monoclonal antibodies could be 
selected and screened for their suitability in immunoassays as either trapping antibodies or 
as detection antibodies linked to labels such as enzymes. At the start of this project, a 
range of monoclonals were available in-house (Murex Inc) for antigens and infectious 
agents including hepatitis-B, herpes I and II and hormones such as human chorionic 
gonadotropin (hCG). These assays were chosen for further development using the 
monoclonal antibodies in comparison with existing polyclonal colour-based assay methods.
High affinity antibodies offered improved sensitivity for immunoassays with lower 
immunological blank or background. With colour methods the accuracy of measurement of 
such sensitive assays at the lower level of detection was limited by low absorbance values 
and for the upper assay level by precipitation of substrate at high concentrations and hence 
the dynamic range was restricted. A further limitation was the development time needed to 
generate a colour signal. New labels or substrates which were more efficient and sensitive 
were required to develop rapid and sensitive immunoassays. The approach chosen for this 
project was to use chemiluminescent and bioluminescent detection systems which were just 
emerging as an alternative to colour and radioisotopic methods. Chemiluminescent 
enzyme-linked immunoassays had previously been reported, such as for herpes simplex 
virus using horseradish peroxidase and the substrate isoluminol and hydrogen peroxide 
[Pronovost et al., 1981], and for alpha-foetoprotein using acridinium esters as a label 
[Weeks et ah, 1983]. These assays had been shown to be more sensitive than conventional 
colour asays. Luminescent methods were particularly suited to the requirements for rapid 
and sensitive assays, as they offered wide dynamic range (over five orders of magnitude as
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demonstrated for ATP detection using firefly luciferase and luciferin), high sensitivity with 
low chemical blank, and immediate generation of light signal when activated. However 
these chemiluminescent substrate systems and labels were new and not widely available 
commercially. In the early stages of this project the use of luciferase for the detection of 
ATP was evaluated as a luminescence enzyme assay. For the development of 
chemiluminescent immunoassays the luminol/hydrogen peroxide substrate for the enzyme 
horseradish peroxidase was chosen. The use of phenols as enhancers to increase light 
emission from this reaction had been reported [Thorpe et al., 1985], which could offer 
improvements in assay detection limits. The assays investigated were for infectious agents 
including hepatitis-B antigen and the cancer marker alpha-foetoprotein. The application of 
luminescent methods linked to new, sensitive monoclonal antibody immunoassays is 
described in chapters 4 to 7. Later developments of applications using labels including 
alkaline phosphatase linked to luminescent processes are described in chapter 8.
The existing instrumentation available for measurement of luminescent assays was based 
on photomultiplier (PMT) detectors, which measure single samples in either tubes or 
microtitre plates. Multiple assays were measured in a microtitre plate reader, which 
automatically moved the PMT from well to well, which meant that any particular well 
could not be monitored continuously. The need to measure new luminescence assays in 
multiple sample formats required instruments capable of measuring light in two- 
dimensions. Film methods had previously been available for visualisation of luminescence 
using high speed film, but this approach was at best semi-quantitative requiring a separate 
measurement using densitometry [Bunce et al., 1985].
The first use of high sensitivity imaging cameras for viewing low light luminescence from 
biological species was carried out by G Reynolds in the late 1960’s and the 1970’s 
[Reynolds, 1972, 1978 and 1980]. His technique included the use of an image intensifier 
to enhance low light detection, the images being recorded by either film or a Vidicon TV 
camera. Using this system Reynolds was able to image luminescence emission from 
bioluminescent systems including Renilla and Obelia, and for calcium detection using the 
luminescence of aequorin by means of a microscope. Reynolds recognised [Reynolds,
1978] the limitations of using film or TV Vidicons as a means of recording data due to 
their non-linearity of response with exposure (i.e. reciprocity, lack of sensitivity and above 
all the limitations arising from non-digital recording method.
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A primary aim of the work in this thesis was to establish means of highly sensitive, 
quantitative measurement and analysis of luminescent and fluorescent assays by means of 
advanced, digital low-light imaging detectors. High sensitivity photon counting imaging 
detectors were being developed for research applications in physics and astronomy. Since 
these specialised systems were not readily available, a collaboration was formed with a 
group in the Department of Physics at University College, London. They had developed a 
photon imaging system based on a detector called the Imaging Photon Detector (IPD) for 
use in asstronomy and astrophysics [Lampton & Carson, 1979; Rees et a l, 1983]. An 
image of Hailey’s Comet obtained in 1986 using the IPD detector is shown in Figure 1.6 
[Rees, 1986]. For this project the IPD had to be adapted for luminescence imaging using 
specially designed optics and sample presentation unit and this work is described in 
Chapter 1. Calibration of the instrument to achieve quantitation was found to be essential 
and the limitations of the IPD for measuring luminescence assays for a range of 
applications were assessed.
In order to find a more suitable detector system contact was made with a group in the 
Institute of Astronomy in the University of Cambridge. This group were developing 
cooled CCD detectors for imaging and measurement of faint astronomical light sources. 
CCD detectors at this time were coming into use in a number of scientific applications 
such as astrophysics [Mackay, 1986; Janesick, 1985], high energy physics [Damerell,
1994], spectroscopy [Bilhorn et ah, 1987]. CCD’s had originally been developed in the 
early 1970’s at Bell Telephone [Boyle and Smith, 1970] for the electronics, computer and 
the military and defence industries. It was possible to gain limited access to the CCD 
system in the Institute of Astronomy, for the purpose of comparison with the IPD and this 
work is described in Chapters 2 to 3. The application of these detectors for the 
quantitative analysis of luminescence assays and enzyme immunoassays is described in 
Chapters 4, 5 and 6.
During the course of this work, a further new development in low-light imaging became 
available which was a combination of image intensifier and CCD which operated at room 
temperature, and is described in Chapter 7. This intensified CCD system was being 
developed at the Cavendish Laboratory, Department of Physics, University of Cambridge 
for particle detection in a high energy physics [Ansorge et ah, 1988]. Figure 1.7 shows an 
image of a very high energy proton-antiproton particle collision viewed in a streamer
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Figure 1.6 Image of Hailey’s comet showing the comet and tail obtained with the IPD 
detector [provided by D. Rees, 1986].
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Figure 1.7 Image of high energy proton-antiproton particle collision, viewed in a
streamer chamber with an intensified TV camera, obtained at the CERN 
Laboratory, Geneva [provided by J. Rushbrooke, UA5 collaboration].
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chamber and imaged with an intensified TV camera [Rushbrooke, 1985]. The key features 
of this system were its ability to capture images in real-time, as with the IPD, whilst 
having the dynamic range and precision of a CCD array. This system was more flexible 
than the cooled CCD and offered more potential for the development of rapid sensitive 
luminescent immunoassays in new assay formats, including those at the cell level.
A further approach was to develop new assay and sample presentation formats which 
permitted multiple luminescent assays to be processed simultaneously. Such assays could 
be grouped into a diagnostically related panel such as for infectious agents, or for 
hormones, which would provide a rapid screening method. New highly efficient, solid 
phase matrices based on microbeads were investigated to develop highly efficient assays 
with reduced incubation times compared with microtitre plate-based assays. These 
microbeads were processed on membranes as a support matrix for incubation and 
separation steps. The development of new assay formats for an enzyme inununoassay for 
the hormone hCG is described in Chapter 6.
Finally, new applications of luminescence imaging that emerged during the course of this 
project were investigated. These included Western blot and DNA dot-blot assays, and 
luciferase reporter gene assays in mammalian and bacterial cells. These applications are 
described and discussed in Chapter 8.
The thesis concludes with a summary discussion and review of future potential applications 
of luminescence imaging.
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PHOTOMETRY WITH THE IMAGING PHOTON DETECTOR (IPD)
1.1 Instrumentation
1.1.1 Introduction to the IPD system
The IPD is a low-light, two-dimensional image sensor which computes the x,y coordinates 
of individual photons incident on a photocathode. The detection system comprises a 
vacuum tube containing an S20 photocathode, a microchannel plate electron amplifier, a 
position sensitive anode, and a variety of external processing electronics (Figure 1.1). 
Photons are focused via simple optics (camera lens) onto the detector (Figure 1.2(a)).
Photons incident at the photocathode, release secondary electrons that are amplified by the 
microchannel plates (up to a factor of 10 )^ and then focused onto a resistive anode 
(Figure 1.2(b)). The relative position of the photons does not change since their are no 
significant distortions during this amplification and detection process. The anode acts as a 
positional encoder, generating signals that are processed to give the x,y coordinates, the 2- 
D address of each photon incident at the photocathode. These signals can be displayed in 
real time on an oscilloscope or can be stored in digital format for later processing. The 
IPD system used in this project was developed in the Department of Physics and 
Astronomy, University College, London [Rees et ah, 1980; Rees et al., 1981; McWhirter et 
al., 1982]. The methods and principles of operation of the IPD is described in the 
following sub-sections. More detailed comments are given in Appendices A, B and C.
1.1.2 Description of IPD apparatus for luminescence detection
The IPD system, represented in Figure 1.1 comprised a light-tight housing (Figure 1.3(a)), 
containing the detector photocathode (S 20, 18mm diam.) which had a sensitivity of 
180p,A/Lumen (supplied by ITL Ltd, Hastings, Sussex) (Figure 1.3(b)) . Light emitting 
samples were introduced by means of a sample presentation holder, containing sample trays 
(Appendix A), which slides into a reproducible location beneath the detector (Figure 
1.3(b)). Light was focused onto the detector using a single, or twin Nikon f/1.4, 50mm 
focal length lens. The exposure (time of integration) was controlled by computer and could 
be varied from two seconds to one hour. The procedure for image acquisition is
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Figure 1.1 Schematic diagram of IPD detector system. Light-tight housing (H); 
sample-holder (S); lens (L); cooling system (C); dried air and 
diaphragm pump (P); access window (W), associated analogue electronics 
and computer.
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Figure 1.2(a) Photograph of typical IPD.
Figure 1.2(b) Section showing structure of IPD.
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Figure 1.3(a) Photograph of IPD system housing and sample tray showing external view.
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Figure 1.3(b) Photograph of IPD system housing and sample tray showing internal view.
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summarised in Appendix C.l. The operating temperature of the photocathode was 
regulated using a circulating aqueous ethane-diol cooling system. Silica-gel dried air was 
circulated in the housing to prevent condensation on the detector surface. Analogue signals 
from the detector were processed in the electronics power supply unit and subsequently 
displayed on an oscilloscope or digitally converted for computer storage (DEC PDF 11/23+ 
or IBM PC-AT).
1.1.3 Image display and analysis
Stored images were displayed using a computer graphics monitor, adapted for image 
display. Images were produced in two sizes, initially 128 x 128 pixels and later 256 x 256 
pixels. This increase in resolution was achieved by changing the size of the image 
memory from 16,384 bytes to 65,536 bytes (16,384 words). Quantitative analysis of 
biological assays was performed using image analysis software developed during the course 
of the project (Appendix C). Software routines were written at the Department of Physics 
and Astronomy, University College, London. The signal (detected photon flux) from a 
sample was reported as the number of photons per unit area per unit time of integration, 
which was typically the average number of photons per pixel per minute.
Images were further analysed using the VAX 730 computer and Tektronix 4113 display 
terminal and 6891 colour plotter systems based at University College, London. Cross- 
sectional analyses and high quality colourgraphic displays of two-dimensional (2-D) and 
quasi 3-dimensional (3-D) images were presented using this system. Hard copy prints or 
colourgraphics of these image presentations were produced on the Tektronix 6891 plotter. 
The display of IPD images is illustrated in Figure 1.4 and the interpretation of such images 
is discussed in Appendix A.3.
1.1.4 Modification of IPD apparatus for fluorescence detection
The IPD apparatus was modified to provide a source of illumination for fluorescence 
studies. The fluorescent IPD system, represented in Figure 1.5, comprised a source of 
illumination (Figure 1.5(a)) including an ultra-violet lamp, a light collimating system, and 
primary filters, together with a modified housing (Figure 1.5(b)) which contains a dichroic 
mirror, secondary filters and the IPD detector (photocathode S 20, 18mm diam).
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Figure 1.4 Schematic showing image display and analysis for the IPD system.
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Figure 1.5 Schematic of fluorescent version of IPD detector system, comprising
(a) Large area UV-illumination system, which mounts sideways onto the 
housing in (b)
(b) Modified IPD apparatus consisting of light-tight housing (H), lens (L), 
secondary filters (F), dichroic mirror (M), sample holder (S) which retracts 
sideways to dark chamber.
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The light source was a 75 W xenon lamp (from Zeiss), and the remainder of the 
illumination system was a modified ‘Large Area Illuminator’ (from Oriel Ltd), which was 
attached to the side of the detector housing. This system was designed to provide uniform 
illumination over a large area (about 10 cm x 10 cm) by means of optical configuration 
including a reflector and a large diameter collimating lens. The excitation wavelength of 
360 nm was selected using a combination of a narrow band-pass filter (A ^  = 360nm, 
lOnm band width) coupled with a sharp cut-off filter (X < 380 nm). The ultra-violet light 
was reflected onto the samples via a dichroic mirror, located between the detector and the 
sample tray. The sample holder could be withdrawn sideways to prevent illumination of 
the samples whilst setting up and preparing for image acquisition. The light emission from 
the fluorescent samples was selected using the dichroic mirror (reflecting X <400 nm and 
transmitting >400 nm) and a secondary cut-off filter (transmission >440 nm) and focused 
onto the detector using a single Nikon f/1.4, 50mm focal length lens.
1.1.5 General introduction to Imaging Photon Detectors
The various components comprising the IPD detector and its principles of operation will 
now be described.
1.1.5.1 Microchannel-plate intensifiers
The key component of the system is the MCP chain which acts as an electron amplifier.
An MCP is a photoelectric device consisting of a parallel array of independent channel 
electron multipliers, each of which acts as a high gain, low noise detector. An MCP is a 
very thin (0.5-1.0 mm) glass wafer consisting of a ‘honeycomb’ structure of millions of 
tiny holes of diameter typically 5jxn, each of which functions as a single channel electron 
multiplier relatively independent of adjacent channels. A schematic representation of an 
MCP, taken from the technical literature [‘Image Intensifiers’, Hamamatsu, 1985; 
‘MicroChannel Plates’, Galileo] is shown in Figure 1.6. A review of microchannel plate 
intensifiers [Wick, 1987] and their fabrication is given by Lampton [Lampton, 1981].
MCP’s are fabricated by a special process of repeated bundling and drawing of optical 
fibres. Each fibre starts as an assembly of a specially made lead glass tube containing a 
core of a glass of different refractive index. This assembly is fused and drawn to make an
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Figure 1.6 Schematic representation of a microchannel plate, MCP (above), and means 
of operation (below) showing amplification of single electrons in a 
microchannel.
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optical monofibre. A bundle of such monofibres is then stacked in a hexagonal array and 
fused and drawn to form a multifibre. These multifibres are in turn stacked and fused to 
form a long solid cylindrical bundle called a boule (typically 25-50 mm diameter in 
section), which is sliced into wafers. Such slices can be normal to the cylindrical axis or 
at an angle to give channels at a common angle to the wafer faces. A wafer is polished 
and chemically etched to remove the solid glass core of each fibre and create the millions 
of tiny channels. The wafer is then coated with a thin metallic electrically conductive layer 
on both faces. The ratio of total hole area to wafer area is known as ‘Open Area Ratio’ 
and is typically 65 -75%.
In normal operation a voltage is applied across the MCP faces: when an electron enters and 
strikes the wall of a channel it produces further electrons by the process of secondary 
emission. These secondary electrons are accelerated down the channel and produce further 
electrons by the same process. In this way up to 10"^  electrons are produced at the output 
of a single channel. Two or more MCP’s can be operated in series to give a high gain of 
up to about 10^  where the gain is limited by the last MCP which is generally run in 
saturation. Such multiple MCP’s can be configured out of individual MCP’s having 
channels at different angles, results in a ‘chevron’ or ‘Z’ formation in the channels of the 
system. This will reduce ion events travelling backwards and activating the photocathode. 
This formation is used in the IPD.
1.1.5.2 Process of photon detection in the IPD
The IPD as described in the sections above comprises a triple-MCP arrangement which 
multiplies photoelectrons from the photocathode to produce a large pulse at the position- 
sensitive resistive anode read-out [Rees et al., 1980; McWhirter et al., 1982; ITL Ltd,
1985]. The resistive anode is a sheet of resistive material which has terminating resistors 
along each edge to create the effect of an infinite sheet so that no charges are reflected 
[Lampton and Carlson, 1979]. When a charge pulse strikes the anode sheet a fraction of 
that charge leaves via each of the four corners and these four pulses are thresholded at a 
low level to reduce noise and at a high level to reduce large coincidence and ion events. 
The four anode signals A,B,C,D are fed to further analogue signal processing electronics in 
which the following analysis algorithms are applied to obtain the coordinates of the pulse 
striking anode.
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x =  (A+B)-(C+D) y =  (A+D)-(B+C)
(A+B+C+D) (A+B+C+D)
These values of x and y are then transferred to the analogue-to-digital converter (ADC) 
which digitises the signal to 10 bits. The sequence of x,y coordinates, each of which 
represent an incoming detected photon, are stored in a memory buffer to produce an image. 
The integrated image is then stored in the computer for further analysis. These digital 
signals are converted to analogue form for real-time display.
1.2 Materials
The following materials were used for the investigations described in this chapter:
Betalights (sphere, 4mm diameter, green and yellow/orange) were obtained from Saunders- 
Roe Ltd, Hayes, Middlesex. The Betalight is a gaseous tritium light source consisting of a 
glass capsule, internally coated with a luminescent phosphor, which contains the 
radioactive gas. These make stable light sources for the purpose of calibration, with light 
intensity decreasing in a well in understood manner reflecting the half-life of tritium of
12.4 years. The glass Betalights were enclosed in plastic cylinders for routine handling. 
Black microtitre plates (Microfluor-B) were obtained from Dynatech Laboratories Ltd, 
Billingshurst, Sussex. Neutral Density filters (Wratten gelatin ND filters, 75 x 75 mm) 
were obtained from Kodak Ltd, Hemel Hempstead, Hertfordshire.
1.3 Methods to investigate photometric characteristics of IPD
Studies were conducted to investigate the photometric characteristics of the luminescent 
and fluorescent IPD systems based in Cambridge. There are a number of factors which 
affect the photometric performance of the detectors. These include thermionic emission, 
detector stability, non-uniformity of photosensitivity and linear dynamic range. Calibration 
experiments were specifically designed to evaluate the effect of these factors on the 
performance of the two IPD detectors. Care was required with the design of these 
experiments to account for interrelating effects between system components. The methods 
eventually devised were as follows:
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1.3.1 Light sources
Betalights emitters were used as constant, stable light sources for the calibration studies.
The Betalights, which are fragile, were sealed in small plastic cylinders for protection and 
ease of handling. The light sources were presented to the IPD system using a black 
microtitre plate; the dimensions of the Betalights cylinders were designed to fit into the 
wells of the plate. Light levels were varied using neutral density filters.
1.3.2 Thermionic emission
Thermionic emission results from electrons liberated by thermal activity in the surface of 
the photocathode. These electrons are amplified in the microchannel-plates and 
subsequently detected by the system, thus contributing a background noise signal. This 
noise signal or dark current increases with temperature and may be reduced by cooling the 
detector. The effect of operating temperature on the thermionic emission or dark current 
was investigated for the two IPD systems. Images of dark current were obtained at the 
operating temperature for each detector. Integration times of ten minutes were used to 
reduce the error on counting photons at threshold light levels (Appendix B.l). A neutral 
density filter (ND 3.0) was placed in front of the lens and the light tight housing closed 
whilst images were taken. The images were stored in the computer as noise files; the 
results for the total photon flux were reported as photons per detector per minute.
1.3.3 Detector stability
Detector stability was investigated using light sources of varying intensity, placed in the 
wells of a black microtitre plate.
1.3.3.1 Geometric stability
The reproducibility of fixed light sources, located in a microtitre plate, was assessed as a 
measure of geometric stability. Changes in the central coordinates of each well located in 
the plate were monitored for repeated images of the light sources. Sixty four light sources 
were placed in rows 3-10 of a microtitre plate. The x, y coordinate for the centre of each 
light source was obtained for repeated images of the microtitre plate (Appendix B). These
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coordinates were entered into a computer file, which was incorporated into the software 
routines (Appendix C).
1.3.3.2 Stability of light intensity
Preliminary calibration studies revealed a variation in the observed value of standard light 
emitting samples with changes in the overall photon flux. Studies were carried out to 
investigate the effect of overall photon flux and operating conditions on the values of 
standard light sources (Appendix B). The overall photon flux was varied using a range of 
light sources placed in a microtitre plate. A control Betalight, placed in well A3 of the 
plate, provided a fixed, reference light source. The observed value of this control Betalight 
was monitored over a range of photon fluxes. Further experiments were conducted to 
monitor the value of fixed light sources, observed with an IPD system run over several 
hours. Correction factors were established to account for variation in the control light 
source and incorporated into the software routines. (Appendix B.2)
1.3.4 Variation in photosensitivity
A calibration procedure was developed to investigate the variation in photosensitivity 
across the surface of each of the IPD detectors. The response correction for this variation 
is usually referred to as a ‘flat field’ correction. A control Betalight was placed in well A3 
of a microtitre plate. Images were taken with a second, calibration Betalight placed 
successively in the remaining 63 wells of the plate. Flat field correction factors were 
calculated for each position in the microtitre plate. (Appendix B.3). These factors were 
entered into a computer file, which was incorporated into software analysis routines 
(Appendix C.2).
1.3.5 Dynamic range
Experiments were conducted to determine the dynamic range of the IPD at the local level, 
within a small area of the detector surface and at the global level for the system as a 
whole.
1.3.5.1 Local dynamic range
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The linearity of the IPD was examined over a small area of approximately 70 pixels, 
corresponding to a single well in the microtitre plate. A Betalight, placed into the well of 
a plate, was imaged using successive levels of neutral density filter. Light levels were thus 
varied by a factor of 10,000 fold during the experiment. Images were taken for a 
minimum of 5 minutes to reduce the statistical error on counting photons. A control 
Betalight, placed in well A 3, was employed to correct for image stability.
1.3.5.2 Global dynamic range
Experiments were designed to investigate the dynamic range of the IPD system as a whole. 
The light source was provided by 3 light emitting diodes (LED’s), connected in series, 
which are controlled with a variable current. These light sources were set at a brightness 
level within the local range of the detector. Further light sources were provided using 
Betalights which were placed in the remaining wells of the microtitre plate. The overall 
light intensity was increased during the course of the experiment, using successive 
Betalights, whilst maintaining the LED’s at a constant level. A control Betalight, placed 
in well A 3, was employed to correct for image stability.
1.4 Results
The results of the photometric characteristics of the luminescent and fluorescent IPD 
systems are summarised in Table 1.1. Detailed results of calibration experiments designed 
to investigate both detectors are presented in Appendix B.
1.4.1 Thermionic emission
The noise signal at operating temperature for the two IPD’s was 540 photons/detector/min 
at 0°C for the luminescent IPD and 1400 photons/detector/min at -19°C for the fluorescent 
IPD. The distribution of noise was essentially uniform across the surface of the detectors, 
although small areas of higher noise do exist. (Figure 1.7). Cooling is essential to reduce 
these background light levels due to thermionic emission. Above temperatures of ~ 25°C 
the noise levels exceed the maximum light levels tolerated by the IPD system. This results 
in shutdown of the detector.
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Table 1.1 Summary of photometric characteristics of the luminescent and
fluorescent IPD systems obtained from measurements described in this 
Chapter and Appendix B.
DETECTOR LUMINESCENT FLUORESCENT
CHARACTERISTICS IPD IPD
PHOTOCATHODE S20 S25
THERMIONIC EMISSION
Operating Temperature 0°C -19°C
Detector Noise (photons/min) 540 1400
GEOMETRIC STABILITY*
Maximum variation (pixels) ± 4 ±3
VARIATION IN
PHOTOSENSITIVITY*
Maximum variation 100% 40%
Average variation 33% 19%
LOCAL DYNAMIC RANGE*
Maximum flux (photons/pixel/min) 1174 1178
Minimum flux (photons/pixel/min) 0.1 0.4
VARIATION OF RESPONSE
ACROSS FIELD OF VIEW*
No correction factors applied 30% 18%
Correction for detector stability 29% 17%
Correction for flat-held 5.5% 5.5%
These reported results are typical of those obtained from several repeated 
measurements made over a number of months. The variations of 
photosensitivity and response were found to be stable to within -10%. The 
dynamic range was more variable as the minimum detectable flux was 
affected by temperature.
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Figure 1.7 Colourgraphic image of thermionic emission (dark noise) for IPD, obtained 
from a 10 minute integration period with no light emitting sample.
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1.4.2 Detector stability
The IPD system is subject to variations in geometric stability, resulting in image distortion. 
Results from calibration experiments using fixed light sources in a microtitre plate showed 
a maximum variation of ±4 (+3 for the fluorescent IPD) pixels in the coordinates of the 
light sources for repeated images (Table 1, Appendix Tables B.l and B.2). Detector 
stability for the IPD is further affected by the light intensity of samples being measured. 
Increases in the overall light intensity from 40 x 10^  to 1,000 x 10^  photons per detector 
per minute resulted in a reduction of ~ 25% in the value of fixed light sources in the field 
of view (Figure 1.8(a)).
The effect of operating time on the performance of the IPD is shown in Figure 1.8(b). The 
value for a control beta-light increased from 4,300 to 5,000 photons per pixel per minute 
over 9 hours, for a standard operating IPD. A similar experiment conducted with the same 
IPD, using air cooled electronics, showed a smaller increase from ~ 4,900 to 5,100 photons 
per pixel per minute.
Image quality at high light levels was further degraded by the phenomenon of coincidence 
infilling where erroneous signals are reported between bright regions in the field of view. 
This effect is further discussed in Chapter 3.
1.4.3 Response variation
The peak variation in sensitivity across the surface of the luminescent IPD instrument 
reached 100%. With an average variation of 33% (Appendix B, Table B.5 and B.6). The 
peak variation for the fluorescent IPD instrument reached 40%, with an average value of 
19%. Details of the results of flat-field calibration experiments to correct for variations in 
photosensitivity are reported in Appendix B.2.
1.4.4 Dynamic range
The local dynamic range of the two IPD systems measured within a small area (70) pixels) 
is illustrated in Figure 1.9. The maximum photon flux tolerated by each system is -1200
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given in Appendix B.2.
Figure 1.8(b) As (a), but showing effect of operating time.
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Figure 1.9 Graphs illustrating local dynamic range of the luminescent IPD (o) and 
fluorescent IPD (x) systems. Details are given in Appendix B.4. These 
results are typical of those obtained from several runs.
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photons/pixel/minute. Photon fluxes above this maximum level resulted in overload, 
serious image distortion and the reported light levels for over-bright samples being 
erroneously low. The lower detection threshold is 0.1 photons/pixel/minute for the 
luminescent IPD and 0.4 photons/pixel/minute for the fluorescent IPD, although the errors 
are greater than 20% at this level. However, if we require an error on a reading to be no 
greater than 5% (Appendix B.l and Table B.9 and B.IO) the lower limit of detection is 
effectively increased to 4.5 photons/pixel/minute (5.5 photons/pixel/minute for the 
fluorescent IPD). The linearity of the IPD then demonstrated an effective dynamic range 
of 260:1 for the luminescent IPD and 214:1 for the fluorescent IPD (Table 1).
1.4.5 Calibration factors
The experiments described above allowed correction factors for flat-field and detector 
stability to be calculated (Appendix B). The effect of applying these factors generally 
reduced the standard deviation of reported values across the field of view from 30% to 
5.5% for the luminescent IPD (18% to 5.5% for fluorescent IPD).
1.5 Discussion
The results presented above show a number of performance limitations for the IPD 
systems. These limitations can be explained in terms of known characteristics of the 
various hardware components used in the instruments.
1.5.1 Noise
The level of random emission of electrons from a photocathode is temperature dependent. 
The rate of emission typically doubles for every 8°C rise in temperature, producing 
exponential growth of detected thermal noise electrons in the instrument. This effect sets 
the maximum useful operating temperature of the IPD at ~25°C and makes it desirable to 
cool the instrument to improve the signal/noise. Other sources of instrument noise 
(including post detector electronic noise) are much less important due to the very high 
amplification of the signal photoelectrons by the microchannel plates of the IPD. The shot 
noise from counting small numbers of photons becomes the limiting source of noise when 
the detector is cooled and the light levels are very low.
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1.5.2 Stability and overload problems
Instabilities in the detector analogue electronics (principally drifts over time) cause 
geometric instability, leading to changes in the reported x, y position of detected photons 
and the gradual increase in reported light levels from fixed sources. These effects are 
described in section 1.4.2 for experiments using light sources in the wells of an MTP. A 
geometrical instability of 3 or 4 pixels represents a positional change equivalent to half a 
well diameter. The centre coordinates of MTP wells therefore require constant monitoring 
for routine microtitre plate analysis. The drift in reported intensities of light sources could 
be adequately monitored by placing a fixed source in the field of view (well A3 for these 
studies). Fan assisted cooling of the electronics was found greatly to reduce the drifts seen 
with the instrument, suggesting design limitations in the electronics.
A range of problems associated with both local and global overload of the IPD were found. 
These problems limit the dynamic range of the instrument and have a more serious effect 
on the use of the IPD for routine quantitative analysis. Considerable effort was made to 
characterise and overcome these overload effects. Local overload is mainly associated with 
the multi-stage microchannel plates (MCP’s). The individual channels of the MCP’s have 
a finite recovery time of ~30 ms after the passage of an electron shower. During this 
recovery time the channel is unable to respond to a second incident photoelectron. Three 
cascaded MCP’s were used in the IPD and the recovery problems were mainly associated 
with the third and final stage MCP which was run at saturation. Global overload is 
associated with the direct memory access (DMA) interface, response time of the resistive 
anode and processing electronics.
1.5.3 Response variations
Variations in sensitivity for the overall instrument include effects due to photocathode 
sensitivity, gain variations in the detector elements and lens effects. Photocathode and gain 
variations can produce local defects, whereas lens effects produce smooth changes across 
the field of view. Drifts in the stability of the EHT power supply would result in gain 
variations in the MCP’s. Lens effects, due to vignetting, are expected to contribute a 
variation ofcSo^ffom the centre to the edge of the field of view in this system.
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1.5.4 Summary of hardware improvements
The analysis of the performance of the IPD instrument demonstrates a number of 
limitations. These could be overcome with improvements in the design of the hardware, 
including the microchannel plates, resistive anode and electronics [Rees, 1986; ITL Ltd, 
1988].
Long life micro-channel plates would significantly reduce channel recovery time although 
they would not increase the charge on the output of the final stage of the MCP due to 
space-charge limitations. Developments in MCP technology have produced response times 
of 20 ms. The resistance of the anode affects the recovery time between detected 
photoelectron pulses. Lower resistance corresponds to faster recovery time and shorter 
pulse times. A lOOKQ anode typically recovers from an incoming electron pulse in 1 jisec, 
giving a max count rate of 10^  counts/second (this number is actually only a few 10  ^ as the 
intervals between counts are random). A lower resistance anode of 10KX2 could have a 
recovery time of 0.1 psec, potentially improving the maximum count rate to 10^  
counts/second (again subject to random count frequency). The lower resistance anode 
would improve the response time and dynamic range (maximum count rate) although 
associated counting electronics would have to be upgraded to process the higher count 
rates.
Design changes in the electronics would improve the overload characteristics and detector 
stability, including drifting and gain variations. Faster pre-amplifiers could be introduced, 
which would permit faster pulse discrimination and hence higher counting rates before 
global overload became apparent. The logic of the DMA memory increment unit could be 
altered to prevent the loss of up to 999 counts held unreported at the end of a counting 
period. Further improvements to increase the response time of the signal processing 
electronics associated with the resistive anode could be introduced. This would reduce the 
problem of coincidence infilling and geometric distortion. Improved design to stabilise the 
EHT power supply would minimise drifts with time and gain variations.
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1.5.5 Software
The software and other protocols implemented during these trials, including the use of a 
control Betalight for image correction, were able partially to overcome the hardware 
limitations discussed above. Correction factors for flat-field calibration, stability and 
spreading were incorporated into the image analysis software routines. However, it is 
reasonable to assume that significant further improvements can only be achieved by 
changes to the hardware.
1.5.6 Conclusions
There are several factors which define the photometric performance of the IPD system, 
including dynamic range, variation in photosensitivity, overload characteristics, stability and 
image quality. Improvements may be made in the hardware to improve the performance 
characteristics of the IPD system, although this would require new design and be costly to 
implement. Correction factors may be employed in the analysis software routines to 
account for certain errors, although this does not fully compensate for the hardware 
limitations.
An alternative photon detector, the cooled charged coupled device (CCD), is presented in 
Chapter 2 and compared with the IPD in Chapter 3.
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PHOTOMETRY WITH THE CHARGE-COUPLED DEVICE (CCD) DETECTOR
2.1 Instrumentation
2.1.1 Introduction to the CCD system
The CCD is a solid-state, low-light image sensor, which integrates photons accumulated 
during a specific exposure period. The detector system comprises a cooled CCD camera, 
readout electronics and processing electronics (Figure 2.1 and 2.2). The CCD has an 
array of photosensitive elements, defined by electrodes on the surface of a silicon chip. 
Photons incident on the detector release electrons that are ultimately stored, by position, 
within potential wells formed underneath the electrodes. Charge stored in the wells or 
pixels is read by charge-coupling and transferred to a processing unit where the signals are 
amplified. The readout time for this process is approximately 20 seconds for the slow-scan 
CCD described in this chapter (Section 2.1.3) The amplified data can then be digitally 
processed for computer analysis or image display.
Two cooled, slow-scan CCD systems were investigated during the course of this project. 
These systems had minor differences mainly in optical details including the lens, sample 
housing and final data presentation. The calibration results described in the present chapter 
were obtained using the second production system. Applications of this system are 
discussed in Chapters 6 and 7. The results described in Chapters 3, 4 and 5 were obtained 
using the first prototype CCD system, developed and based in the Institute of Astronomy, 
University of Cambridge. [Wright and Mackay, 1981; Hall and MacKay, 1984; Mackay,
1986].
2.1.2 Description of the CCD apparatus
The CCD 2000 Imaging System (Astromed Ltd., Cambridge, England), represented in 
Figure 2.1, comprised a CCD camera (CCD sensor Model P8603, 576 x 385 pixels, EEV 
Ltd., Chelmsford, England) mounted in a cryogenic vacuum dewar (Oxford Instruments 
Ltd, England), CCD driver electronics, frame store and computer (Figure 2.2). The CCD 
sensor was selected to be of the highest quality of scientific grade category namely the 
lowest number of defective pixels or blemishes and highest sensitivity [EEV, 1982a,b].
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Figure 2.1 Schematic diagram of CCD detector system. Light-tight housing (H);
sample holder (S), lens (L); liquid nitrogen vacuum dewar (LN2 ); 
charge-coupled device (CCD); access window (W); shutter (SH); and 
associated electronics and computer.
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Figure 2.2 Photograph of CCD detector showing liquid nitrogen dewar containing 
CCD chip and readout, and driver and processing electronics rack.
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The CCD was cooled to cryogenic operating temperature (between 120 and 180 K) using 
liquid nitrogen, with a cycle time of 6-8 hours. Light emitting samples were introduced by 
means of a sample presentation tray and focused onto the detector using a single Nikon 
f/1.4, 50mm focal length or f/2.8, 105mm focal length lens. The CCD dewar was mounted 
onto an IPD housing (Chapter 1, Figure 1.3(a)) using a modified face plate and lens holder. 
The exposure time was controlled by an automatic shutter and could be varied from less 
than one second to several hours. Signals from the detector were processed through the 
electronics unit and digitally converted for frame storage and computer analysis (on Micro 
Vax II, Digital Equipment Corp., Marlboro, Mass.).
2.1.3 Image display and analysis
The data flow, image storage and analysis for the CCD system is shown in Figure 2.3. 
Stored images (385 x 576 pixels) were displayed on a high resolution colour monitor 
(Appendix A.4). Quantitative analysis of stored data files was performed using image 
analysis software provided by Astromed, Ltd. The integrated signal (total photon flux) 
from a sample was calculated from the average photons/pixel/time of integration.
2.1.4 General introduction to Charge-Coupled Devices (CCD’s)
2.1.4.1 Solid-state detectors
The physical process of detection in sohd-state devices is based on the fact that a single 
photon incident on a suitable (pnp) silicon junction may be absorbed and create a single 
electron-hole pair. This process is the basis for photodetection in silicon photodiodes and 
charge-coupled devices. The principles of operation of the CCD will be described in the 
following sub-sections and have been extensively reviewed in the scientific literature 
[Dereniak & Crow, 1984; EEV, 1982a,b, and 1987; Janesick et al, 1985; Janesick et al, 
1987 (a),(b); Mackay, 1986]
2.1.4.2 Concept of charge storage and readout
The CCD is a sophisticated solid-state detector comprising a silicon chip, which has a
photosensitive area of typically 1 cm  ^ (Figure 2.4(a)). The sensitive area is divided into a
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rectangular matrix of light-sensitive elements, or pixels, defined by an array of closely 
space electrodes (Figure 2.4(b)). Electrons liberated by incident photons migrate towards 
the electrodes within each pixel. These pixels behave as a bucket or potential well in 
which electrons are accumulated. After a suitable integration time the charges stored in 
each pixel may be read out serially by a process called charge-coupling [reviewed by 
Janesick and Blouke, 1987a]. Charge-coupling is a technique by means of which the 
charge in the pixels is transferred from under one electrode of Figure 2.4(b) to the next 
electrode. It is achieved by a programmed, phased, sequential pulsing of the drive 
voltages, referred to as (|)i , (j) 2  and , between high and low levels so that the charge 
signals in each pixel can be made to pass along the CCD array towards an output register. 
This process preserves the spatial information represented by the pixels, and can be made 
very efficient, with negligible loss of charge, through accurate timing of the pulses. The 
pixel array is referred to as the parallel register.
In Figure 2.4(c) the arrangement of the parallel register and serial output register is shown. 
The process of transferring the charges from the parallel register into the output register is 
the first stage of read-out. The pixels of each row of the parallel register are transferred 
simultaneously, in parallel, into the output register. The output register then passes the row 
of charges out in sequence, or serially, to an analogue output amplifier. This read-out 
process is repeated for each row of the parallel register until the entire frame has been 
transferred out, and the parallel register is empty of charge.
Variations of this read-out process exist in which pixels can be read out in groups, eg. 2x2 
or 2x3, with corresponding loss of spatial resolution, though no loss of charge, and this 
grouping of pixels for read-out is referred to as ‘binning’. This is usually done to speed up 
read out of the array and has the effect of reducing the amount of noise introduced by the 
read-out process.
During the readout process, the charge from each pixel may be used to create an analogue 
TV picture or digitized to create a digital image in a digital frame store.
2.1.4.3 CCD architecture
There are three architectures or types of CCD chip, ‘full frame’, ‘frame transfer’ and
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‘interline’ of which the first two are the most commonly used. A photograph of various 
full frame and frame transfer CCD chips is shown in Figure 2.4(a) and schematically in 
Figures 2.4(c) and 2.4(d). The full frame CCD has the simplest structure with a single area 
of pixels which integrate light for a period of time. The exposure time may be controlled 
using a shutter which then shields the light-sensitive pixels during the readout process. The 
readout time for the slow-scan CCD is typically about 15-20 seconds. This slow readout 
reduces noise and minimises frame smear due to charge-transfer inefficiencies.
The frame transfer CCD has two equal areas of pixels, the integration area which receives 
incident light and the storage area which is masked from light. In operation an image is 
accumulated in the integration area and rapidly shifted (hundreds of microseconds) into the 
storage area. The image in the storage area is then read out serially whilst the next image 
is being accumulated in the integration area. A frame transfer CCD is typically readout at 
TV frame rates (25 frames per second) and is therefore suitable for real-time operation.
This class of CCD detector may be coupled to an image intensifier, and is discussed further 
in Chapter 7.
The interline CCD is a variant of the frame transfer CCD, which has the integration area 
interleaved, line by line, with the storage area.
2.2 Materials
Betalights (sphere, 4mm diameter, green and yellow/orange) were obtained from Saunders- 
Roe Ltd, Hayes, Middlesex. The glass Betalights were enclosed in plastic cylinders for 
routine handling (Chapter 1, section 1.2 and 1.3.1). Black microtitre trays (Microfluor-B) 
were obtained from Dynatech Laboratories Ltd, Billingshurst, Sussex. Neutral Density 
filters (Wratten gelatin ND filters, 75 x75  mm) were obtained from Kodak Ltd, Hemel 
Hempstead, Hertfordshire.
2.3 Methods to investigate photometric characteristics of the CCD
Studies were conducted to investigate the performance of the production CCD. The system 
was calibrated for a range of parameters including variations in response (flat-field) at the 
time of manufacture (Appendix D.l). The performance tests were designed to evaluate the
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linearity of the detector for variations in exposure time and light levels.
2.3.1 Radius of integration
The effect of the radius of integration on the average pixel value and the total signal 
measured per MTP well was investigated for the 50mm and 105mm lens systems. A 
Betalight, enclosed in a plastic cylinder, was placed in the centre of the field of view 
(central well of the MTP) and imaged with each optical system. The analysis software was 
then applied on the stored images for radius increments of one pixel and the data reported. 
The radius of integration ranged from 7 - 2 2  pixels for the 50mm lens and 1 3 - 4 2  pixels 
for the 105mm lens.
2.3.2 Variation of exposure time
The reproducibility of a fixed light source for varying exposure times was assessed as a 
measure of the stability of the CCD system. The measurements were made at two light 
levels, a factor of ten apart, using Wratten ND 1.0 and 2.0 filters. The Betalight source 
was imaged with the 105mm lens for integration times increasing from 2 - 1 2 0  seconds 
(ND 1.0) and 2 - 480 seconds (ND 2.0). Five readings were made for each integration 
time.
2.3.3 Variation of lens aperture
The effect of lens aperture on the reported values of a fixed light source was assessed as a 
further measure of the reproducibility of the CCD. A Betalight, placed in the central well 
of a microtitre tray, was imaged using the 105mm lens at two light levels (ND 1.0 and 
2.0). Three readings were made for each aperture value ranging from f/2.8 - f/32.
2.4 Results
2.4.1 Effect of radius of integration
The total signal per well measured for a range of integration areas (increasing radius of
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integration) is shown in Figure 2.5(a) (50 mm lens) and Figure 2.5(b) (105 mm lens) and 
the data in Appendix Table D.l and D.2. The rising linear part of the curve in both figures 
appears to derive from the origin. The curve deviates from linearity as the edge of the 
well is reached. The plateau region represents the effect of integrating over an area greater 
than the well, where no further light is contributed. The onset of the plateau regions in 
these figures (at radii of 15 and 25 pixels respectively) is consistent with the known 
demagnification and geometry for the 50 and 105 mm lens systems. The curvature between 
the linear and plateau regions of the graphs is due to the non-uniformity of the Betalight 
filling the well.
2.4.2 Variation of exposure time
The total signal per well was measured for a range of exposure times (2 - 500 seconds); 
the results are shown in Figure 2.6 and the data is given in Appendix D, Tables D.3 and 
D.4. The slope of the graphs is seen to be unity demonstrating the linearity of the 
response or the accumulated charge, with exposure time. The deviation from linearity seen 
for long exposure times, greater than 160 seconds, is due to the CCD reaching saturation. 
The saturation level demonstrated using the brighter light source (ND 1.0) was -31,000 
photons/pixel. Since a well contains approximately 2600 pixels (105mm lens), with an 
average storage capacity of 31,000 photons/pixel this gives a total signal at saturation of
8.1 X 10^  photons/well (Appendix Table D.3). This result was in agreement with the 
expected CCD charge storage capacity of approximately 32,000 photons/pixel based on the 
set-up characteristics of the system.
The results of the exposure tests are the average of five readings. The average signal for 
long exposure times was found to be 22000 photons/pixel with a standard deviation of ±20 
counts, corresponding to a 0.1% error. The average signal for a short 2 second exposure 
was 240 with a standard deviation of ±4 counts, corresponding to a 1.6% error.
2.4.3 Variation of aperture
The results for the detected signals over a range of lens aperture values are shown in 
Figure 2.7 and the data in Appendix D, Tables D.5 and D.6 . The data show that the
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Figure 2.5 Graphs showing effect of area of integration on reported photon values, for 
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well. The area of integration is expressed as the radius squared (in units of 
pixels^). The data are presented in Appendix D.2.
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Figure 2.6 Graphs showing effect of exposure time on the measurement of a fixed light 
source (Betalight) with the CCD at two light levels, using ND 1.0 (x) and
2.0 (0 ) filters. Each data point is the average of 5 readings, and the linear 
response up to saturation is typical of this CCD detector.
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Figure 2,7 Graphs showing the effect of variation of lens aperture on the measurement 
of a fixed light source (Betalight) with the CCD at two light levels, using 
ND 1.0 (x) and 2.0 (o) filters. Each data point is the average of 5 readings, 
and the linear response is typical of this CCD detector.
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signal is increasing linearly with increased aperture, roughly doubling, as expected, for 
each increase in f-number. Deviation from linearity, seen at the top of the graph for ND 
1.0, is due to saturation of the CCD detector. The two plots for ND 1.0 and ND 2.0 are a 
factor of ten apart which is in proportion to the attenuation for each filter.
2.5 Discussion
The CCD detector used in these studies demonstrates a wide dynamic range, with a linear 
response over a range of 10"^ . The response of the detector is monotonie, reaching 
saturation when the detector is overloaded. The saturation effects observed in the exposure 
time study (Section 2.4.2) were consistent with the known operating characteristics of the 
CCD and associated readout electronics. A 16-bit flash ADC (analogue to digital 
converter) was used to digitise the charge from the pixels. This was capable of producing 
a dynamic range of 65,536 (2^ )^ per pixel. However, a DC offset of -33,000 was applied 
to the system, resulting in a working dynamic range of about 32,000 per pixel.
The CCD was highly reproducible even at low light-levels. The observed fluctuations were 
extremely small and at high light-levels were only 0.1% of the signals. These fluctuations 
in the reported values mainly represent the contributions from readout noise, dark current 
noise and any systematic effects in the conduct of the experiments.
The CCD requires careful setting up and calibration at the time of manufacture to achieve 
this performance. Disadvantages of the CCD system are the time required to cool the 
detector prior to use and the relatively slow readout time (15-20 seconds) which can be 
important for short duration measurements, including rapid kinetics.
The performance of the prototype CCD system, based at the Institute of Astronomy, 
Cambridge, is compared with the IPD in Chapter 3.
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COMPARISON OF PHOTOMETRIC PERFORMANCE OF IPD AND CCD
3.1 General considerations
The overall performance of an IPD and a CCD system were compared in a series of 
specific tests designed to determine which of the detector systems would be the most 
applicable and versatile in the determination of luminescent immunoassays. The hardware 
specific attributes that have a major impact on the relative performances of each system 
include photon overload, image stability, hardware durability, the cooling system, and 
spectral photosensitivity.
3.1.1 Photon overload
Photon overload occurs in the IPD when the mean time interval between arriving photons 
is less than the ‘dead time’ in the channel plates and processing circuitry. This 
phenomenon was referred to in Chapter 1 and is discussed in the manufacturer’s literature 
[ITL Ltd, 1985]. The instrument processes photons on an individual basis and is 
effectively ‘blind’ to photons that are incident during the time that a preceding photon is 
being processed. Photon fluxes that exceed the overload limit of the detector result in 
considerable non-linearity and loss of resolution in the data. Likewise, individual 
photosensitive elements of the CCD have a finite capacity (approximately 64,000 
photoelectrons). This is discussed in the CCD User’s manual [Astromed, 1986 and EEV, 
1982a,b, and 1987]. Exposure times, however, can be varied to maximize the amount of 
data recorded, whilst remaining within the capacity of the instrument, as discussed in 
Chapter 2. In the case of the CCD high photon fluxes can, therefore, be accommodated by 
using short exposure times.
3.1.2 Detector stability
Detector stability is a measure of the ability of a detector system to generate a reproducible 
image of a fixed light source. Electronic circuitry fluctuations in the IPD lead to a loss of 
stability of the image that can be corrected, in part, by the application of flat field 
corrections as described in Chapter 1. However, the correction process is tedious, 
involving the use of Betalights to determine correction factors, and is unable to eliminate
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all of the fluctuations in the data. The IPD also suffers from coincidence infilling. This 
phenomenon occurs at relatively high photon fluxes when two electrons strike the anode 
simultaneously (within the response time of the anode and electronics), resulting in a 
phantom coordinate being generated between the two incident electrons. The effects of 
coincidence infilling are clearly visible in Figure 3.3, appearing as a series of bars formed 
between the three light emitting wells. This effect would interfere with the quantitation of 
weak light emitting samples located between brighter ones. CCD’s are inherently stable, 
because the potential wells that record the incoming photons are geometrically fixed within 
the silicon chip. Flat field correction factors still have to be applied to an individual 
detector but these are not time dependent and are established at the time of manufacture.
3.1.3 Hardware durability
The IPD is potentially sensitive to physical abuse. The photocathode is enclosed in a 
fragile vacuum tube; any movement of the instrument after installation could potentially 
break the tube. The light levels in the normal operating range of the detectors are 
extremely low, typically below that which is visible to the naked eye. Accidental exposure 
to high light levels (e.g. ambient room light through a leaky seal) can cause permanent 
detector damage. The CCD is a far more robust instrument than the IPD, due largely to its 
solid-state design that does not contain easily breakable components (e.g. vacuum tubes). 
The CCD also displays a far greater tolerance to high light levels. Incoming photons have 
no harmful effect upon the detector once the capacity of individual potential wells have 
been reached.
3.1.4 Cooling systems
The system operating temperatures have considerable effect on background noise levels 
within the data, resulting from thermionic electrons. Cooling systems are utilized in both 
IPD and CCD systems to minimize the effects of these electrons. Satisfactory results can 
be obtained from an IPD system if the internal instrument temperature is maintained 
slightly below freezing (between 0 and - 20 degrees Celsius). The CCD, is completely 
unusable at such temperatures. The instrument must be maintained between approximately 
120 to 180 K (using liquid nitrogen) before satisfactory results can be obtained.
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3.1.5 Spectral photosensitivity
The spectral emissions of the luminescent systems under investigation are in the 
wavelength range 420 - 600 nanometres. The IPD has a nominal photocathode quantum 
efficiency of up to 10% within this range [Rees et a l, 1980]. In practice the IPD was to 
found to have a significantly smaller overall effective quantum efficiency of as little as 1 %, 
as discussed in Sections 3.4 and 3.5 and Chapter 5. The efficiency of the CCD increases 
over this range of wavelengths from -10% to -40% [EEV, 1982a,b and Astromed, 1986].
3.1.6 Summary of general considerations
Hardware considerations make the CCD the detector of choice for most applications. It is 
more robust than the IPD and cannot be easily damaged by excessive light levels. IPD’s 
suffer from photon overload, resulting in image distortion and coincidence infilling with 
serious underestimates of the number of photons incident on the detector. High incident 
light levels can readily be accommodated in the CCD by shortening exposure times and the 
image instability inherent in the IPD does not occur. The spectral sensitivity of the CCD is 
superior to that of the IPD in the range of luminescent assays. CCD’s are therefore 
particularly suited to the determination of sensitive assays.
The major drawback to the use of the CCD is in the cooling system. The cryogenic 
housing is bulky and the system must be recharged on a daily basis with potentially 
dangerous liquid nitrogen. A peltier system is currently being developed for the CCD that 
will remove many of the encumbrances of the liquid nitrogen cooling system. The 
resulting instrument will be far more compact and consequently more mobile, though it 
will not achieve as low a temperature and hence noise level.
3.2 Materials
Black microtitre plates (Microfiuor-B) were obtained from Dynatech Laboratories Ltd, 
Billingshurst, Sussex. Neutral Density filters (Wratten gelatin ND filters, 75 x 75 mm) 
were obtained from Kodak Ltd, Hemel Hempstead, Hertfordshire. The light emitting diode 
(LED) microtitre plate was prepared in the Department of Physics, University of 
Cambridge. The green LED’s were obtained from RS Components, Corby, Northants.
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3.3 Photometric performance comparison study
The photometric performance of an IPD and a CCD detector was compared in series of 
calibration tests designed to investigate the linear dynamic range and imaging properties of 
each system. The light source was an array of light emitting diodes (LED’s), located in a 
specially modified black microtitre plate.
3.3.1 Methods
Three green LED’s, connected in series, were set in a triangular pattern within wells in the 
plate. The wells were covered with varying numbers of layers of translucent acetate, thus 
providing variable control of emitted light. The number of layers over each of the diodes 
(labelled wells A, B, and C) were adjusted, providing emissions which were measured by 
the CCD to be in the ratio 1 : 0.847 : 0.347. At any given current value the ratios of the 
light levels emitted by the LED’s should be conserved. In the first set of calibration tests 
the ratios of the responses in the three wells for a range of LED currents were measured.
A ten turn potentiometer was used to set the current levels in the LED’s. This led to some 
lack of reproducibility between sets of experiments but was sufficiently accurate for the 
ratio measurements required for these experiments.
A second set of tests were carried out to measure the dynamic range and reproducibility of 
both detectors. The exposure time for all experiments was fixed at 100 seconds. The 
current to the diodes was adjusted, using a sensitive ammeter, to provide different values in 
six tests. This direct measurement of the current permitted better reproducibility between 
set of readings on the two detectors. Photon fluxes were in the range 1000 - 1,000,000 
photons per 1 0 0  seconds.
Details of the methods used to analyse the data in this chapter, including statistical errors 
and calculation of signal-to-noise ratios are discussed in Appendix F.
3.4 Results
Colourgraphic images and cross-sectional analysis of the LED experiment for the IPD at 
low, medium and high light-levels are shown in Figures 3.1, 3.2 & 3.3 respectively.
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Cross-sectional analysis for the CCD is shown in Figure 3.4. The results for the IPD 
suggest coincidence infilling becomes significant at light-levels corresponding to more than 
about 10^  counts/detector/minute. These levels are much lower than had been expected 
from the IPD design. More detail on this phenomenon can be seen in the histograms 
shown in the figures. The activity between the peaks corresponding to wells A and B is 
due to coincidence infilling. The dips within each peak illustrate overload. A comparison 
with similar histograms from the CCD data (Figure 3.4) shows that the phenomenon is 
absent for this detector. Slight broadening of the cross-sectional profiles for the CCD are 
mostly due to light scatter in the optics.
The ratio of photon fluxes measured for the A and B wells over a range of light levels is 
shown in Figures 3.5 (IPD) and 3.6 (CCD). These ‘linearity plots’ show the ratios plotted 
against the corresponding light levels measured in well C for the IPD and well A for the 
CCD. Well C was used for the IPD to minimise overload distortions. Saturation effects 
were much less important for the CCD. Since the three LED’s were in series using the 
same current, their ratios of light emission should be constant over their operating range. 
The results obtained show that the ratio of A/B is constant for both detectors at low light 
levels and then falls as overload occurs. The IPD shows departures at fluxes of ~2 x 10^  
photons/well/minute in well C. The CCD shows departures at fluxes of ~3 x 10  ^photons/ 
well/minute, equivalent to 10^  counts in well C. At low light levels the fluctuations in the 
results are consistent with statistical errors.
The results from the second series of experiments for duplicate tests, run at six different 
current settings, are summarized in Tables 3.1(a) and 3.1(b) and Appendix F. The 
calculation of the signal-to-noise ratios shown in these tables is described in Appendix F . 6  
and F.7. The data for well A is presented graphically in Figure 3.7. The lower detection 
threshold of both instruments was considered, for the purpose of comparison, to be a 
signal-to-noise ratio (S/N ratio) of about 5:1. At the lowest current setting, 1.0 microamps 
(|iA), the IPD had a signal-to-noise ratio of 7:1 and the CCD had a signal-to-noise ratio of 
73:1.
The response of both detectors is broadly linear for much of the range and moreover the 
graphs for the two detectors are parallel. The response of the IPD falls at LED currents 
above 64 jiA due to overload effects. The CCD shows no such effect and the response
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Figure 3.1(a) Colourgraphic of LED experiment - low light level (IPD).
Figure 3.1(b) Histogram of vertical section through wells A and B as indicated. The
geometrical sizes and positions of the wells are indicated on the horizontal 
axis of 3.1(b). The vertical dotted lines indicate the dimensions of the wells 
within the peaks.
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Figure 3.2(a) Colourgraphic of LED experiment - medium light level (IPD).
Figure 3.2(b) Histogram of vertical section through wells A and B, with annotations as 
Figure 3.1(b).
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Figure 3.3(a) Colourgraphic of LED experiment - high light-level (IPD).
Figure 3.3(b) Histogram of vertical section through wells A and B, with annotations as 
Figure 3.1(b).
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Figure 3.4(a) Histogram analysis of LED experiment using CCD - high light levels, shown 
as vertical section through wells A and B. The geometrical sizes and 
positions of the wells are indicated.
Figure 3.4(b) Histogram in (a) above with baseline region shown on exaggerated scale.
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Figure 3.5 Linearity plot for IPD over range of light levels (LED experiment) shown as 
ratio of values of wells A/B for corresponding levels in well C. The data 
points are the average of two readings and the errors are as shown. The 
dashed vertical line shows the overload limit, L.
- 83 -
Chapter 3
<  0.8 : .
PHOTON FLUX LED A
Figure 3.6 Linearity plot for CCD over range of light levels (LED experiment) shown 
as ratio of values of wells A/B for corresponding levels in well A. The data 
points are the average of two readings and the errors are as shown. The 
dashed vertical line shows the overload limit, L.
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Table 3.1 Summary of results from LED experiment using (a) the IPD and
(b) the CCD. The summary data in these tables were derived from raw data 
using the analysis methods described in Appendix F, including the 
calculation of statistical errors and signal-to-noise ratios.
(a) IPD
Test
Number
Current
l^A
Photon Flux (*) S/N Ratio 
Cell AA B C
1 0.99 75 1 1 2 38 6 .8 : 1
2 2 . 0 1 300 225 75 9.6:1
3 4.04 1.27x10^ 1.09x10^ 0.34.10" 2 0 : 1
4 16.3 2.17x10'* 1.80x10'* 6.23x10" 82:1
5 64.3 2.35x10^ 2.39x10" 0.95x10" 269:1
6 257.7 4.30x10'* 6.50x10'* 2.80x10" 114:1
(b) CCD
Test
Number
Current
P-A
Photon Flux (*) S/N Ratio 
Cell AA B C
1 1.03 1.03x10'* 1.15x10'* 1.16x10'* 73:1
2 2 . 0 1.57x10'* 1.60x10'* 1 .1 0 x1 0 '* 99:1
3 4.0 4.27x10'* 4.05x10'* 1.76.10'* 186:1
4 16.3 6.25x10^ 5.56x10" 1.90x10" 785:1
5 64.3 9.40x10^ 8.14x10" 2.90x10" 2 .1 xl 0 ":l
6 256.7 1.30x10^ 1 .2 1 x1 0 ^ 0.47x10= l.lxlO'*:l
(*) Photon flux measured in photons per well per 100 seconds.
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Figure 3.7 Plot of photon flux (photons/well/100 secs) versus LED current (|xA) from 
LED experiment showing performance of the IPD (o) and CCD (x) systems. 
The errors calculated from 6  repeated readings of the LED current of 4 |iA 
were 2% and 8 % respectively for the CCD and IPD.
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continues to be linear at LED currents of 254 |xA. The photon fluxes reported by the CCD 
at current settings below 64 jiA are approximately a factor of 30 higher than that for the 
IPD. This large factor is indicative of a much higher overall detective quantum efficiency 
of the CCD system as compared to the IPD.
The reproducibility of both detectors, measured using 6  repeated readings at the current 
setting of 4 jiA, is indicated by the percentage errors shown on the graphs in Figure 3.7. 
The standard deviations correspond to errors of 8 % for the IPD and 2% for the CCD. The 
expected noise levels and errors for given signals are discussed in detail in Appendix F.
The CCD always has a higher S/N ratio than the IPD at a given current value within the 
linear range of both detectors.
3.5 Discussion
The efficiency, the lower detection limit, and the dynamic range are of importance when 
comparing detector systems. The photon flux leaving a given LED is directly proportional 
to the applied current over a certain operating range between threshold and saturation; 
higher currents produce higher photon fluxes. At any given current, therefore, the same 
number of potential photons is available to be captured by both detectors; it is how the 
detectors respond to these incident photons that is critical.
3.5.1 Efficiency
Detector efficiency is a measure of the fraction of incident photons that are recorded and 
can be directly related to the signal at any given current. Tables 3.1(a) and 3.1(b) show 
that the CCD reports signals typically of magnitude about 30 times that of the IPD. The 
light capture efficiency for lens imaging with both detectors in the LED experiment, 
described in Appendix F .l, indicates that the proportion of photons emitted from the source 
which are detected by the IPD and CCD should be 1:31000 and 1:23000 respectively.
These efficiencies are based on the known optical characteristics of the lens imaging 
systems and the detector quantum efficiencies. The quantum efficiency of both detectors 
varies with wavelength. For the wavelength range used in the LED experiments (~550 nm 
peak, typical of the luciferase system) the CCD has an efficiency of about 20-25% and the
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photocathode of the IPD (S20) an efficiency of about 10%. The measured overall 
efficiency of the IPD is however much lower than that of the CCD, which must be due 
mainly to further losses in the IPD system. At higher light levels, losses in the IPD arise 
from the overload characteristics of the MCP’s and the response time of the resistive 
anode, which cause under-reporting of signals. Additional losses are mainly due to the 
severe thresholding applied to signals before they are accepted as counts by the signal 
processing electronics of the IPD (see discussion of pulse height discrimination in the IPD 
User’s Manual [ITL Ltd, 1985]). The green LED will have some emission at wavelengths 
beyond 580 nm, where the CCD has a higher quantum efficiency approaching 30%, which 
will further improve the CCD detector efficiency relative to the IPD.
3.5.2 Lower detection threshold
The LED light source used was unstable at light emissions below a current level of about 
1 |xA. Thus it was difficult to measure precise lower detection limits. In the case of the 
IPD, however, the S/N ratio at 1 \iA  was 6.8:1, already near the limit for statistically valid 
measurements. The values reported for the CCD at 1 and 2 |liA are too large because of 
insufficient dark level correction. Ideally the experiments would have been repeated with a 
more accurate dark level correction, but access to the apparatus was limited. The lower 
limit of detection would have been similar to that of the IPD had the correct dark level 
compensation been applied.
3.5.3 Dynamic range
The linear dynamic range for the CCD was approximately 10 times that for the IPD, using 
the present experimental conditions (Tables 3.1(a) and 3.1(b)). At low light levels the 
statistical error in the measured signal becomes important. The total light emission from a 
well is calculated as the sum of many pixels and so the error on this total is lees than that 
on a typical pixel. The IPD has a useful dynamic range of -1200:1 (1.0 to 64.3 |iA) and 
the CCD a useful dynamic range of about 12,500:1 (from 4.0 to 256 |xA). The CCD 
continues to perform linearly at high photon fluxes, beyond the overload point of the IPD. 
The fall in response with increasing overload is a serious limitation of the IPD. The 
coincidence infilling seen at high light levels is a further problem as this non-linear effect
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cannot be corrected using deconvolution methods developed for spreading. These methods 
involve subtracting the calibrated overflow of light from each well into neighbouring wells 
or regions (Appendix C). It is currently estimated that with improvements in the 
electronics, the range of the CCD can be extended by a factor of 8  in the lower direction 
and probably by a factor of 4 or 5 in the higher direction.
3.5.4 Conclusions
Results from the LED experiments reveal that both detectors have useful linear working 
ranges. The IPD is approximately 30 times less sensitive than the CCD and has a dynamic 
range about one tenth that of the CCD. Further disadvantages of the IPD are that in 
overload conditions the detector suffers from coincidence infilling and has a non-monotonic 
response which results in under reporting of signals at high light levels. The CCD has a 
greater linear response and saturates to give a maximum signal in overload conditions. The 
CCD is more efficient than the IPD operated for a given photon signal.
Applications of the IPD and CCD for the measurement of luminescent enzyme assays and 
immunoassays are discussed in Chapters 4 and 5. The suitability and performance 
limitations of the detectors, as described in this chapter, are evaluated for these assays.
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ESTIMATION OF MULTIPLE SAMPLES OF LUMINESCENT ASSAYS
4.1 Introduction
The purpose of the investigations described in this chapter was to apply for the first time 
the IPD and CCD imaging detectors, described in Chapters 1 and 2, to the simultaneous 
detection and quantitative analysis of a variety of luminescent assays. It was thereby 
possible to demonstrate the performance limits of three different assays for a variety of 
sample presentation formats. The novel results obtained will be described and the 
application of these imaging detectors for sensitive and quantitative measurement of 
luminescent assays will be demonstrated and assessed.
The use of the IPD and CCD for the measurement and analysis of bioluminescent, 
chemiluminescent and fluorescent products was investigated using a series of enzyme 
dilution assays. These assays included ATP detection using firefly luciferase and D- 
luciferin; peroxidase detection using luminol, hydrogen peroxide and D-luciferin and 
fluorescence assays using 4-methylumbelliferone. Comparisons were made with 
measurements obtained using a conventional tube luminometer and fluorimeter.
The experimental set-up for the IPD was as described in Chapter 1. A live display of 
photon events detected during the integration time was produced using an oscilloscope and 
a storage display. The images were initially stored as 128 x 128 pixel formats and later 
upgraded to larger 256 x 256 pixel image stores. The fluorescence IPD incorporated the 
UV-illumination and optics described in Chapter 1, Section 1.1.4 and Figure 1.5, including 
a secondary filter placed directly in front of the lens. Variations in the uniformity of 
illumination were measured using the fluorescence assays discussed in this chapter.
The CCD detector was a prototype, developed and based at the Institute of Astronomy, 
Cambridge. This detector was intended primarily for astronomical observations with a 
ground based telescope. Facilities were kindly made available for imaging luminescent 
samples within a light tight enclosure. The optical system developed for this project 
included a Nikon f/3.5 55 mm focal length lens and f/1.7 50 mm focal length lens. Access 
to the CCD was more limited than for the IPD and therefore a smaller range of 
experiments was undertaken.
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Samples were presented to the detectors in two formats, a specially designed microtube 
holder and a standard black microtitre plate. The microtube sample presentation consisted 
of a 5 cm X 5 cm metal holder with a series of grooves 1 mm wide and 1 mm apart.
Nylon tubing was located in the grooves and held at either end in a spring mechanism. 
Samples were then introduced into the tubes using a micropipette. The sample presentation 
is described further in Appendix A.
4.2 Materials
The following materials were used for the investigations described in this chapter.
4.2.1 Buffers and general reagents
Tris buffer, bovine serum albumin, hydrochloric acid, sodium hydroxide, dimethyl 
sulfoxide (DMSO), glycine were obtained from BDH Limited, Eastleigh, Hampshire.
Analar grade chemicals were used unless otherwise stated. Thimerosal and sodium dodecyl 
sulfate (SDS) were obtained from Sigma Chemical Co., Poole, Dorset.
Glycine buffer was prepared using 0.1 M glycine, pH 10.4, and 0.02% (w/v) thimerosal. 
Tris-HCL buffer, 0.1 M pH 10.4 was prepared using 0.1 M tris base and titrating with 
0.1 M HCL.
4.2.2 ATP assays
Lumit-PM assay kits (Lumac, Baanstraat 115, 6372 AE Landgraaf, Netherlands) were used 
for ATP estimation. These contained Lumit-PM reagent, a highly purified 
luciferase/luciferin extract from fireflies, Lumit buffer (Hepes buffer including magnesium 
ions) and ATP standard (10 pg di-sodium salt per vial, mw 605.2). Sterile water (double 
distilled), used as ATP diluent, was collected directly from the still and autoclaved in 
sterile glass jars before storage.
4.2.3 Peroxidase assays
Horseradish Peroxidase enzyme, type VI, Luminol (5-Amino-2,3-dihydro 1,4-
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phthalazinedione, mw 177.2) 95-97 % crystalline, and hydrogen peroxide, 30% solution 
were obtained from Sigma Chemical Company, Poole, Dorset.
4.2.4 Fluorescence assays
4-methylumbelliferone was obtained from Sigma Chemical Company, Poole, Dorset.
4.2.5 Sample presentation
The metal microtube holders were built in the department of physics workshops. University 
College, London and the design refined, as shown in Appendix A, during the course of the 
project. The holders contained a series of microtubes which were open at each end 
allowing reagents to be drawn into the tubing. Nylon and polythene microtubing (0.8 mm, 
0.6 mm, 0.5 mm, and 0.3 mm bore diameter) were obtained from Portex Ltd, Hythe, Kent, 
CT21 6 JL. Microtitre plates, Microfluor-B (black) and Microfluor-W (white) were 
obtained from Dynatec Ltd, Daux Road, Billingshurst, Sussex.
4.2.6 Instrumentation
The Biocounter M 2010A luminometer and sample cuvettes (3 ml capacity) were supplied 
by Lumac, Baanstraat 115, 6372 AE Landgraaf, Netherlands. Biocounter readings were 
reported as arbitrary units, measured as the average of five readings taken over 1 0  seconds.
The Nova II Spectrofluorimeter was supplied by Baird Atomic. Samples were presented to 
the fluorimeter in a microflow cell, using a diaphragm pump to transfer the samples to the 
microcell via nylon tubing. The Titertek Fluoroskan microtitre plate fluorimeter was 
supplied by Flow Laboratories Ltd.
4.3 Methods
The experimental details of the 3 types of luminescent assays described in this chapter are 
given in the following sub-sections. For each assay comparison was made between 
samples presented in microtubes, microtitre plates (where possible) and cuvettes read in 
conventional luminometer or fluorimeter detectors.
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4.3.1 Bioluminescent assay
ATP assays were conducted using a highly purified preparation of firefly luciferase/ 
luciferin (Lumit-PM) and ATP standard available from Lumac [Lumac, 1985]. Lumit-PM 
luciferase reagent was reconstituted with 7 ml of Hepes buffer. The reagent was left to 
stand for 30 minutes at room temperature before use, to reduce background (chemical 
blank) due to endogenous ATP in the extract. ATP standard (5 pg per vial) was 
reconstituted using 5 ml of sterile water to produce a stock reagent containing 2 pg per ml. 
The reconstituted reagents were stored at -20°C. The time course of light emission for the 
Lumit reagent, as published in the manufacturers product literature, shows stable emission 
between 10 seconds and 30 minutes after activation. The time course for the ATP assay 
was measured and confirmed using the Biocounter tube luminometer.
The ATP standard serial dilutions were prepared over a range from 10’“ to 10'^  ^moles per 
100 pi sample volume. The light emitting reaction was initiated by adding 100 pi of 
reconstituted Lumit-PM reagent to 100 pi of each ATP standard dilution in a sample 
cuvette. Care was taken to follow sterile procedures during these assays, including the 
handling of pipette tips and plastic ware.
4.3.1.1 ATP assay in microtubes in the IPD and CCD
ATP standard dilutions were prepared as above and light emission activated in the sample 
cuvettes. Samples were drawn into sterile syringes and injected into one end of a 
microtube mounted within the holder. A set of tubes was ready for viewing in less than 
one minute from activation of the samples and the time course of readings was recorded 
for each set. Images were taken with the IPD for integration times varying between 5 
seconds and 2 minutes, depending on the brightness of the samples. Initial tests, viewing 
dilution series in the microtube holder, indicated significant spreading of light resulting in 
interference (cross-talk) between the light emission from individual tubes. Modifications 
were made to increase the depth of the grooves containing the nylon tubes and the spacing 
between the tubes to minimize these effects. The evolution of the sample presentation is 
discussed in section 4.4.1 and software analysis in Appendix C. The assay of ATP 
standard dilutions was used repeatedly during the development of the sample presentation 
and the analysis methods for the IPD.
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Each holder contained five or six tubes, therefore two or three holders were required to 
measure a standard series of 10 dilutions. The ATP standard series was also measured in 
the Biocounter for comparison. Calibration for variation in detector response was 
determined for each holder using the same concentration of ATP solution in each tube 
(Appendix C).
The microtube sample presentation was also used for ATP standard series to be measured 
in the CCD. This assay was measured as above for the IPD, using integration times of 30 
seconds to 5 minutes.
4.3.1.2 ATP assay in Biocounter
Light emitting reactions were measured using the Biocounter luminometer, to establish the 
concentration curve for the assay. Samples were presented in 1 ml tubes and read 
individually. The luminescent assay was initiated by the addition of 100 pi of Lumit-PM 
reagent to 100 pi of ATP standard sample using an automatic pump dispenser immediately 
prior to reading. Luminescent measurements were read over a period of 10 seconds per 
tube and reported as arbitrary units.
4.3.1.3 ATP assay in microtitre plates in the IPD and CCD
ATP standard dilutions were prepared as in Section 4.3.1. Samples of 100 pi of ATP
standard were pipetted into the central 64 wells of the MTP. The light emission was
activated by addition of 100 pi of lumit-PM reagent to each well. Initial tests were made 
to evaluate detector response for all wells filled with same concentration of ATP. Standard 
curves of ATP were also measured in the IPD to evaluate and compare the use of both 
black and white microtitre plates. Alternate wells were used for samples in this 
comparison to minimise effects of light piping in white plates. The ATP standard dilution 
assay in MTP’s was used for calibration and developments of software analysis methods 
for the IPD (Appendix C) and later for the CCD (Appendix E)
4.3.2 Chemiluminescent assay
Horseradish peroxidase (type VI) was reconstituted to produce a stock solution of
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approximately 300-500 lU per ml. The stock enzyme was diluted in 0.1 M Tris-HCl, pH
8.0 containing 0.01% BSA. Standard dilutions were prepared over the range 10'^  - lO'"^  lU 
of enzyme per assay. Luminol substrate reagent was prepared fresh for each assay by 
dissolving 90 mg of luminol into 20 ml of 0.1 M Tris-HCl pH 8.0. Hydrogen peroxide 
solution was prepared by diluting 250 pi of 30% hydrogen peroxide into 100 ml of water 
to give a 2.7 mM solution.
The substrate reagent was finally prepared by the addition of 2 ml of diluted H2 O2  reagent 
to 10 ml of luminol/Tris-HCl. The peroxidase assay was initiated by the addition of 120 pi 
of substrate reagent to 80 pi of enzyme sample in a cuvette.
4.3.2.1 HRPO assay in microtubes
HRPO dilutions were prepared and activated in sample cuvettes as above. Light emitting 
samples were introduced into microtube holders as described in section 4.3.1.1.
4.3.2.2 HRPO assay using a Biocounter tube luminometer
Sample of HRPO were pipetted in sample tubes. Peroxidase assays were activated by the 
automatic addition of 1 2 0  pi of freshly prepared substrate solution (luminol/H2 0 2 ) to 80 pi 
of enzyme sample in the cuvette. Luminescent measurements were read over a period of 
10 seconds per tube and reported as arbitrary units (see Section 4.3.1.2).
4.3.3 Fluorescent assays
Fluorescent assays were conducted using purified 4-methylumbelliferone (4-mu). Dilutions 
of 4-mu were prepared over the range 1000, 500, 100, 50, 25, 15, 0 nM by dilution of 
stock 4-mu (1 mM) into 0.1 M glycine buffer, pH 10.4. These dilution series were 
measured in conventional fluorimeters for comparison with the IPD.
4.3.3.1 4-Methylumbelliferone (4-mu) assays in IPD
The illumination arrangement in the fluorescent IPD included UV-illumination, with a 365 
nm primary filter and an emission filter 450 nm as described in Chapter 1. Fluorescent
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samples (200 pi) were presented to the IPD using a black MTP. A series of experiments 
were conducted to measure uniformity of response and illumination across the field of view 
and to establish the useful dynamic range of the assay.
An initial test was made to establish the working dynamic range of the fluorescent assay 
for 4-mu over 500 to 25 nM. Meniscus effects were noticed for the samples in the MTP 
causing non-reproducibility due to variable specular (i.e. mirror-like) reflection from the 
liquid surface. Measurements were therefore made in the presence and absence of SDS (5 
pi of 0.1% SDS solution). The addition of SDS was found to improve reproducibility. 
Correction factors for non-uniformity of illumination and for detector response were 
established using repeated measurements of 4 plates containing the same 500 nM solution 
of 4-mu in each well. The dilution series of 4-mu was repeated before and after the 
addition of 0.1% SDS once the appropriate correction factors had been established.
4.4 Results
The application of the IPD and CCD to measure a range of luminescent and fluorescent 
samples is described and the results presented in the following sub-sections. A variety of 
sample presentations were used including microtitre plates and novel microtube formats 
designed for small volumes (range 5 - 10 pi). The development of sample presentation is 
described below and in Appendix A. More details of analysis methods and software 
development are given in Appendix C for the IPD and Appendix E for the CCD.
Calibration curves for these assays are presented and compared with those using a 
conventional luminometer and fluorimeters. The main results are summarized in Figures
4.1 to 4.12 and data are presented in Appendix G, Tables G.l to G.8 .
4.4.1 Microtube sample presentation and calibration
The first images obtained with the IPD, which used the original microtube sample 
presentation, are shown in Figure 4.1. Figure 4.1(a) shows an image of a luminescent ATP 
assay obtained after 30 seconds integration; brighter tubes are seen clearly as yellow.
Figure 4.1(b) shows a longer, 2 minute, integration where the fainter fifth tube is more 
readily seen. A loss of information is apparent for the brighter tubes due to overload
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Figure 4.1 
(a),(b)
(c)
2 5 5 . 0
1 4 2 . 0  
S B . 7
4 7 . 5
2 9 . 5  
1 9 . 7  
1 4 . 4
COUNTS
Luminescent ATP assay using luciferase/luciferin measured in IPD.
Colour Polaroid photographs of an ATP assay in microtubes; tubes appear as 
yellow (bright) or blue (faint) on an otherwise dark background. 
Colourgraphic of thre^ubes seen in (a). Colour is used to represent light 
intensity; colour scale and corresponding counts are shown on the right of 
the image.
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effects. Spreading and scatter of light between tubes is visible as background. Figure 
4.1(c) shows a colourgraphic image of a similar display containing 3 bright tubes. The 
contours seen within the images of the brighter two tubes indicate the effect of light 
scatter. This scatter is mainly due to optical effects including reflections of light between 
the tubes because they were partly raised above the sample holder. The depth of the 
grooves was increased to prevent the tubes projecting from the holder and hence bright 
samples contaminating adjacent regions.
Bowing of the nylon tubes after wetting produced curved images which were difficult to 
analyze. The software analysis was therefore limited to histogram sections through the 
series of tubes. The microtube holder was further modified using a spring mechanism at 
each end to prevent bowing and to simplify tube replacement. Figure 4.2 shows a 
colourgraphic image of series of five tubes containing the same concentration of 
luminescent ATP reagent, to evaluate the variation of response across the detector. The 
bright tubes are seen as yellow and the background noise from the photocathode is seen as 
pink. The final sample holder presentation was masked to expose a fixed length of 1 cm 
in the central portion of each tube. This resulted in reproducible sample regions and 
reduced the effect of light scatter from the ends of the tubes. Software routines were 
developed to integrate the signals from these fixed regions; these are discussed in 
Appendix C.
The results of this flat-field test are shown as a histogram analysis in Figure 4.3. 
Background subtraction values were assessed from the regions between the tubes. The 
flat-field factors to correct for response variations were determined for each tube holder.
The analysis software evolved in parallel with the sample presentation; the final version 
was used for a series of enzyme calibration tests (Appendix C).
4.4.2 ATP assays in microtubes
A series of standard curves was measured for the assay of ATP standard dilutions (10'“ - 
1 0 '^  ^moles/ 1 0 0  pi sample) with luciferase and luciferin, using the final configuration of 
microtube holder and analysis software. Typical images obtained are shown in Figures 4.4 
and 4.5. Figure 4.4(a) is a photograph of the analogue storage display and Figure 4.4(b) is 
a colourgraphic image of the IPD digital image display. The three brightest tubes are
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22.8
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4 . 7  
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COUNTS
Figure 4.2 Colourgraphic image of an ATP assay in microtubes (IPD), where tubes are 
seen as yellow rectangles on pink/red background. The colour scale gives 
the range of light intensities.
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Figure 4.3 Histogram showing variation in signal across the photocathode surface of 
IPD measured for a series of five microtubes tubes containing the same 
concentration of ATP reagent (5 x 10'^ '^  moles). This histogram is 
representative of flat-field calibrations performed for each experimental run 
and the calibration procedure is described in Appendix B.
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2 5 . 8  
1 6 . 2  
10 .6
7 . 3
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4.1  
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Figure 4.4(a) Photograph of an analogue display using an ATP dilution series in 
micro tubes (IPD).
Figure 4.4(b) Colourgraphic display of image shown in (a) above. Three tubes are visible 
as yellow or pink rectangles; the colour scale used is shown on the right.
A fourth (lower intensity) tube is seen as an indistinct rectangle.
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Figure 4.5 Polaroid photograph of CCD image of a series of three dilutions of ATP 
measured in a microtube holder.
- 102 -
Chapter 4
visible as yellow or pink rectangles. A fourth tube is visible as a patchy pink rectangle.
An even fainter fifth tube is present and can be resolved by numerical summing of signal 
pixels in the appropriate regions compared with background levels.
Figure 4.5 shows an image of microtubes obtained with the CCD system. The results of 
calibration standard curves for ATP measured using the IPD, the Biocounter Luminometer 
and the CCD are shown in Figure 4.6 and the data is presented in Appendix Tables G.l 
and G.2. The final versions of the microtube analysis software were used for these results.
Biocounter readings are for 200 pi samples presented in standard 2 ml cuvettes. IPD and 
CCD readings are for 3-5 pi samples and were measured simultaneously in groups of five 
or six tubes for each microtube holder. The Biocounter showed good linear response over 
the assay range 1 x 10"^  ^ to 1 x 10'^  ^ moles ATP. The IPD plot showed a broadly linear 
response, with a slope parallel to that using the Biocounter, for most of the range. The 
CCD results are similarly in agreement with data from the Biocounter over the range of 
dilutions measured. For both the IPD and CCD the lowest three readings have higher than 
expected values from the trend of the curves. This could be due to insufficient background 
subtraction or possible kinetic effects for holders read at different times.
4.4.3 ATP assays in microtitre plates
Microtitre plates containing a medium to bright level of ATP reagent (5 x 10'^  ^ moles) in 
all wells were imaged using the IPD and CCD detectors. The image of the central 64 
wells of a plate using the IPD is shown in Figure 4.7(a) with a histogram analysis of a 
vertical cross section one pixel wide through the fourth column of wells shown in Figure 
4.7(b). The image of ATP luminescence for all 96 wells obtained using the CCD is shown 
in Figure 4.8(a). A histogram of cross-section one pixel wide through the 6th row of wells 
is superimposed on the image. A zoom display of a single well is shown in Figure 4.8(b), 
indicating the relatively uniform emission across the well.
The IPD data shows overload effects at this medium light level including spreading and 
evidence of coincidence infilling. The wells are less clearly defined as compared with the 
corresponding CCD image. This is confirmed in the IPD cross-section where the peaks 
are broader than the geometrical well size and light emission does not fall to background
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Moles of ATP
Figure 4.6 Standard curves for luminescent ATP assay using microtube sample
presentation (5-10 pi), measured using the IPD (o) and CCD (□). Straight 
lines have been drawn between the points to illustrate the trend of the data. 
The results for the IPD show the data obtained after development of 
calibration protocols, as analysed using Version 3 of IPD software 
(Appendix C.5). These results are typical of several experiments repeated 
over several weeks. Results are also shown for this assay measured using a 
conventional tube luminometer. Biocounter (BC) for a 200 pi assay volume. 
Details of the data are given in Appendix G.
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Figure 4.7(a) Colourgraphic image of ATP assay in 64 wells of microtitre plate (IPD);
colour scale also shown on right.
Figure 4.7(b) Histogram of horizontal section along the 4th row of wells of microtitre 
plate seen in (a) above, showing profiles of light emission from the wells.
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Figure 4.8(a) Colour photograph of an image of an ATP assay in a microtitre plate
measured using the CCD. A histogram of a horizontal section through the 
4th row of wells of the microtitre plate, showing the profile of light 
emission, is superimposed on the image.
(b) As 4.8(a), showing a zoom display of a single welt.
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levels between the wells. The peaks are rounded with maxima at the centres of the wells. 
The CCD cross-section shows light emission falling rapidly to background levels between 
the wells. The peaks match the geometry of the wells and have plateaus with a small 
enhancement at the edges, possibly corresponding to meniscus effects.
The results of a comparison in the IPD between black and white microtitre plates using a 
standard ATP dilution series are shown as a graph in Figure 4.9 and the data presented in 
Appendix Tables G.3 and G.4. The final MTP software analysis methods were used for 
these IPD results (Appendix C, version IV). For a given concentration of ATP, the light 
levels detected from the white plates were about three times higher than from black plates, 
as expected. The white plate gave signals measurable above background down to levels of 
10'^  ^moles of ATP, whereas the black plate reached a detection limit at 10'^  ^moles of 
ATP.
Bright samples at ATP levels amounts above 10'^  ^moles resulted in light piping through 
the wells of the relatively transparent white plates. Therefore the overall dynamic range 
for the assay was not increased using the white plates, although the sensitivity at low ATP 
levels was improved. At the lowest concentration of ATP, the measured light levels are 
systematically higher than expected from a linear extrapolation of the straight line fit. This 
may be indicative of ambient ATP effects which limit the sensitivity of the assay. This 
ambient ATP has been released when the luciferase reagent is reconstituted from the 
lyophilised stock reagent, or is already present in the sample diluent.
4.4.4 Horseradish peroxidase assays in microtubes
The results for the luminescent assay of horseradish peroxidase, measured using the 
Biocounter and IPD over a range from 10'^  to lO '^  moles of enzyme, are plotted in Figure 
4.10 and the data presented in Appendix Table G.4. Sample volumes of 200 pi were 
measured in the Biocounter and 3-5 pi in the microtube presentation for the IPD. The 
results in both cases are plotted as two straight lines, with a change of slope at lower 
enzyme concentrations. Both dilution curves follow similar trends, with small differences 
due to assay variations including time course effects. The results for the lowest enzyme 
level measured (10'"^  moles) appear higher than expected from the lines, more so in the case
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Figure 4.9 Standard curves for ATP assay measured over the range 10'^  ^ - 10'^  ^ moles 
per 200 pi sample, presented using black (o) and white (□) microtitre plates, 
in the IPD. The straight lines represent the best fit to a linear trend 
excluding the lower dilution points where deviations from linearity may be 
due to background ATP. The results shown are for 4 or 5 readings and the 
data, with means and standard deviations, are summarised in Appendix G.
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Figure 4.10 Standard curves for horseradish peroxidase assay using microtube
presentation in the IPD (o) and standard cuvettes in the Biocounter (□). The 
peroxidase was assayed using luminol and hydrogen peroxide.
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of the IPD. The light levels at this low enzyme concentration could not be determined 
significantly above the assay chemical blank. The IPD may be reporting a higher reading 
due to insufficient background correction. The results show a comparable dynamic range 
and detection limit for the Biocounter and IPD, where the IPD is measuring a much 
smaller sample volume.
4.4.5 Fluorescence assays in microtitre plates
A series of standard dilution of 4-methylumbelliferone (0-1000 nM) were measured in 
conventional fluorimeters, in the Baird Nova Spectrofluorimeter using a micro-flow cell 
and in the Titertek Fluoroskan using a microtitre plate. The results obtained with these 
instruments are shown as standard curves in Figure 4.11 and the data given in Appendix 
Table G.5. The data indicate that the standard curves are broadly linear for both systems, 
in range 0-100 nM for the Fluoroskan and 50-1000 nM for the Spectrofluorimeter. These 
standard dilutions were then measured using the IPD for comparison.
Preliminary measurements of samples of 4-methylumbelliferone (4-mu) using the 
fluorescence IPD demonstrated the need for calibration to correct for variation in 
illumination. Care was taken during these tests to avoid contamination from dust or 
sample residues, which gave rise to background fluorescence. The results of the average 
readings from 4 microtitre plates, for each of 36 wells containing the same solution of 4- 
mu (50 nM), measured using the fluorescent IPD system are presented in Appendix Table 
G.6. The data was analysed using the MTP analysis software (Appendix C, versions HI 
and IV). This assay was repeated with a 4-mu solution containing 0.1% SDS, to assess 
whether any variations in light detected were due to meniscus effects. The results for this 
second series of tests are presented as the average readings in Appendix Table G.7. A 
number of wells showed a higher than expected result when SDS was not used, which 
correlated with observed differences in meniscus shape for solutions in these anomalous 
wells. The standard deviations of the 36 average readings given in Appendix Tables G.6 
and G.7 are 0.71 and 0.60 respectively, showing the expected reduction in assay variability 
using SDS. A further effect is the variation in detector response (fiat-field) and non­
uniformities in illumination and correction factors were therefore determined from the 
second series of results to compensate for these variations. The calculated correction 
factors are given in Appendix Table G.8.
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Figure 4.11 Standard curves for a fluorescence assay of a series of dilutions 4-
methylumbelliferone. The dilution ranges are indicated on the figures.
(a) Assay measured in micro-flow cells using the Baird Spectrofluorimeter.
(b) Assay measured in a black microtitre plate using the Titertek Fluoroskan. 
The data are average values as given in Appendix Table G.5.
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The results for a set of dilutions of 4-mu (1000, 500, 100, 50 nM) are plotted in Figure 
4,12 and the data including standard deviations and coefficients of variation are 
summarised in Table 4.1. Figure 4.12 shows the graphs for uncorrected data (-SDS and 
4-SDS), and corrected data (+SDS) which has been normalised using the calculated 
correction factors described above. The uncorrected results show some non-linearities 
between the concentration of 4-mu and measured fluorescence, and the data for the assay 
without SDS shows a slightly greater deviation from linearity. The corrected data, plotted 
in Figure 4.12, follow a good straight line which moreover appears to derive from the 
origin. The results summarised in Table 4.1 show that the coefficients of variation for the 
corrected data are improved by a factor of 2 or 3, compared with the uncorrected data. 
These results indicate that corrections for sample meniscus and detector variations give 
improved results for the quantitation of the fluorescence assay of 4-mu in a microtitre plate 
using the IPD.
4.5 Discussion
Imaging detectors have been applied for the first time to the simultaneous detection and 
quantitative analysis of a variety of luminescent assays. The performance limits of three 
different assays were demonstrated for a variety of sample presentation formats, including a 
novel microsample presentation system.
The programme of work was carried out largely in parallel with the development and 
calibration of the detectors themselves, as described in the first three chapters. Hence in 
many cases, access to the equipment was limited and results had to be obtained quickly, 
under experimental conditions which could not always be precisely repeated later. The 
reproducibility of the results could thus not always be precisely confirmed.
The hardware and software were constantly evolving during the course of the project, 
offering essential opportunities for guided development of these features. Novel results 
were obtained and the value of these imaging detectors for sensitive and quantitative 
measurement of luminescent assays could be demonstrated for the first time.
A novel microtube presentation system was used to obtain results from the IPD. The 
applicability of the IPD and CCD was then demonstrated for the measurement of a
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Figure 4.12 Standard curves for 4-mu using microtitre plate (IPD) [(+) -SDS, (o) +SDS, 
(□) +SDS corrected]. Each point is the average of 4 readings and the 
summary data with standard deviations and coefficients of variation are 
given in Table 4.1. Straight lines are drawn between the points, to show the 
trend of the data.
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Table 4.1 Standard series of dilutions of 4-Methylumbelliferone (4-mu), over the range 
1 |oM to 50 nM, obtained using the fluorescent IPD detector. The data are 
shown as a standard curve in Figure 4.12. Table 4.1(a) shows uncorrected 
data (-SDS and +SDS) and Table 4.1(b) shows data (+SDS) after correction 
for detector response and uniformity of illumination.
(a) Uncorrected data without SDS (-SDS) and with SDS (+SDS), measured in 
microtitre plate using fluorescent IPD. The table gives the mean and 
standard deviation (S.D.) and coefficient of variation calculated from 4 
readings for each entry.
(4-mu) 1 pM 500 nM 100 nM 50 nM
-SDS +SDS -SDS +SDS -SDS +SDS -SDS +SDS
Mean 1.65 1.56 1.06 1.0 0.32 0.30 0.275 0.225
S.D. 0.32 0.28 0.23 0.19 0.10 0.08 0.07 0.12
CV 19.4 17.9 21.7 19.0 32.2 25.0 25.4 51.6
(b) Corrected data with SDS (+SDS), measured in microtitre plate using
fluorescent IPD. The table gives the mean and standard deviation (S.D.) 
calculated from 4 readings for each entry. The values have been calculated 
by applying the correction factors shown in Table G.8 to individual well 
values.
(4-mu) 1 pM 500 nM 100 nM 50 nM
Mean 3.05 1.58 0.33 0.21
S.D. 0.23 0.15 0.07 0.02
CV 7.5 9.5 20.0 11.0
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standard microtitre plate. A modification of the IPD optics was then made to achieve 
fluorescence imaging of a number of samples in a macro presentation, using UV-excitation 
and appropriate primary and secondary filters. These results are discussed in the 
following sub-sections.
4.5.1 Microtube sample presentation
The microtube sample presentation system required optimisation to obtain satisfactory 
results from the IPD and CCD. The 3 mm pitch between tube centres was sufficient to 
prevent cross talk once the tubes had been masked and seated within grooves. The 
analysis software needed simple rectangular geometry and this was achieved using springs, 
to prevent bowing of the tubes and further masking to expose a fixed sample area. Light 
emission from the microtubes was spread over a large area of the detector (70-80 pixels for 
the IPD). The background noise increases with the square root of the number of pixels 
(Appendix F). Therefore where highest sensitivity is required the useful light should be 
spread over as small a number of pixels as possible, to improve the signal to noise ratio. 
However this reduces the useful dynamic range due to local overload effects in the IPD. In 
practise the area used was a good compromise achieving reasonable dynamic range and 
sensitivity comparable to the Biocounter. The microtube format uses approximately 100th 
the sample volume needed for the Biocounter, demonstrating the sensitivity of the IPD.
These initial measurements with the IPD microtube presentation established the need for 
flat-fielding and control of sample geometry to simplify software as discussed further in 
Appendix C. Developments in the software resulted in automated analysis of the light 
emission from the sample regions.
4.5.2 Microtitre plate presentation
The use of imaging to view a macro microtitre plate presentation was demonstrated, where 
sample wells were measured simultaneously. In the case of the IPD 64 wells were 
measured (limited by the optical arrangement in the IPD housing) and for the CCD all 96 
wells. Both detectors showed departures from linearity at low and high light levels. This 
was mainly due to insufficient background subtraction to correct for dark current shot noise 
effects. At high light intensities the departures are due to saturation and overload effects.
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These performance characteristics are discussed in Chapter 3. The IPD showed further 
effects of overload where spreading from well to well, over many pixels, appeared to 
reduce resolution. This loss in resolution was due to local and global overload from bright 
wells rather than the number of pixels nominally viewing each well. Single bright wells 
produced localised spreading over surrounding pixels. A microtitre plate containing many 
medium bright wells (Figure 4.7), within the local overload limit, resulted in global 
overload with spreading of the reported signals over a large area of the detector and thus 
associated loss of resolution.
4.5.3 Fluorescence assays
The IPD optics was modified for fluorescence imaging of macro samples using UV- 
excitation and appropriate primary and secondary filters. The application of the 
fluorescence IPD was demonstrated for the measurement of 4-methylumbelliferone over a 
concentration range of 1000 - 50 nM. The detector response was linear for this dynamic 
range, after suitable calibration. Measurements were also obtained in a fluorimeter using a 
Novo BIO fluorimeter and gave comparable results with the IPD.
The fluorescence IPD was capable of illuminating sample areas as large as a microtitre 
plate. Non-uniformities in illumination and response, found to be a factor of ^  from centre 
to edge of field, were measured and compensated using suitable calibrations. Meniscus 
effects were shown to be important for liquid samples due to variability in specular 
reflection. The use of detergents such as SDS improved the reproducibility of results.
4.5.4 Summary
The use of the IPD has been successfully demonstrated for the measurement and analysis 
of three different luminescent processes. Imaging detectors are applied here for the first 
time to the simultaneous detection and quantitative analysis of multiple luminescent 
samples. These samples have been presented both in a novel microtube holder and in a 
standard microtitre plate. The performance of the IPD and CCD has been compared to the 
Biocounter, a conventional photomultiplier based luminometer. The assay standard curves 
obtained with both detectors demonstrated their dynamic range and sensitivity, as 
previously measured and calibrated using Betalight sources. In addition to the use of
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physical light sources, such as Betalights based on radioactive sources and phosphors for 
calibration of photon detectors, chemiluminescent systems have been developed as 
quantitative sources permitting the absolute quantitation of phototube detectors [Lee et a l, 
1966; Hastings and Reynolds, 1966]. These chemiluminescence standards include the 
liquid standard based on luminol oxidation, which offers advantages of intense emission, 
low cost, and flexibility of geometry for variable sample presentation. Some disadvantages 
include dependence on variables such as temperature and time. Betalights which had been 
calibrated by the National Physical Laboratory were found to be sufficient for the purpose 
of calibration of the photon imaging detectors in this project.
Film based methods using high speed Polaroid and X-ray film have been subsequently 
applied to image luminescent assays [Bunce et a l, 1985], although these are often less 
convenient and less easy to use. The dynamic range (~10^) and sensitivity of film is 
limited compared with the IPD (>10"^ ) and the CCD (>5 x lO'^ ). Film produces qualitative 
results which may be quantified using densitometry, although this is limited by the 
dynamic range of the film, including saturation for bright samples with long exposure times 
[Kodak, 1971; Kodak, 1973].
Imaging detectors have now been used to measure ATP in microlitre volumes using 
specially designed holders [Leaback and Hooper, 1987]. Current technology requires 
volumes greater than 200 pi when using photomultiplier based luminometers to carry out 
biomass assays [Stanley 1986, 1989]. The capability of measuring micro samples is 
potentially important in applications where samples are limited such as neo-natal testing 
and forensic science or where economy of reagents is a consideration. The potential now 
exists for measuring luciferase activity using photon imaging detectors over a wide 
dynamic range both for microbiology applications [Leaback et ah, 1989] and in gene 
expression analysis using firefly and bacterial luciferase genes, discussed in Chapter 8.
The quantitative measurement and analysis of fluorescence emission in a macro two- 
dimensional format as demonstrated here has wide applications. These include microscopy, 
enzyme assays, cellular assays and the visualisation and mapping of 1-D and 2-D gels.
The application of IPD and CCD detectors for the analysis of enzyme immunoassays is 
described in Chapter 5. Further applications of photon imaging for both luminescent and 
fluorescent measurement and analysis are discussed in Chapters 8 and 9.
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CHEMILUMINESCENT ENZYME-LINKED IMMUNOASSAYS
5.1 Introduction
The purpose of the investigations described in this chapter was to apply the IPD and CCD 
imaging detectors to the quantitative measurement and analysis of a range of 
immunoassays which were adapted to luminescence. This follows from the work described 
in the previous chapters where it was demonstrated that these imaging detectors could 
measure a variety of different luminescent chemistries over a useful dynamic range relevant 
to immunoassays.
The application of the IPD and CCD for the measurement of enzyme-linked immunoassays 
was investigated using a series of commercially available diagnostic assay kits. These 
assays included those for infectious agents such as hepatitis-B antigen, herpes simplex virus 
types I and H, Neisseria gonorrhoea and chlamydia, and for the cancer marker alpha- 
foetoprotein. The kits are based on horseradish peroxidase enzyme conjugates and were 
converted from colour to luminescent end points using the luminol-hydrogen peroxide 
substrate system, as described in the introduction section. These assay kits were chosen 
because they were readily available, and because the constituent reagents and samples 
could be modified, diluted and even replaced with novel monoclonal antibodies (McAb’s) 
for the purposes of comparison. These monoclonal antibodies were being developed in- 
house at Coralab Research and Murex Corporation.
Two antibody coated solid phases were compared, namely microtitre plates and polystyrene 
beads (6.5 mm). The assay protocols were optimised and the methods of measurement 
and analysis were investigated using the IPD and CCD. The kits were modified by the 
introduction of specific monoclonal antibodies (McAb’s) to improve assay performance.
The limit of sensitivity of these assays is defined in terms of the ability to distinguish 
between a positive (P) and a negative sample (N). This is recommended by the 
manufacturers’ product literature to be a P/N ratio greater than 2. The sensitivity of the 
assay can therefore potentially be increased by improving the measurement of the P/N 
ratio. This is important as current immunoassay techniques may not be sensitive enough to 
detect all potentially infected samples of blood containing such infectious agents as 
hepatitis-B antigen.
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Photon imaging offers the potential for the parallel or simultaneous analysis of multiple 
luminescent samples. This technique was developed in Chapter 4 for luminescent enzyme 
assays and is now demonstrated for groups of immunoassays.
5.2 Materials
The following materials were used for the investigations described in this chapter.
5.2.1 Buffers and general reagents
Tris buffer, bovine serum albumin, hydrochloric acid, sodium hydroxide, glacial acetic 
acid, dimethyl sulfoxide (DMSO), glycine buffer, sodium acetate, phosphate buffer 
(dihydrogen sodium phosphate, disodium hydrogen phosphate), sodium chloride, sodium 
carbonate, sodium bicarbonate, were obtained from BDH Limited, Eastleigh, Hampshire. 
Analar grade chemicals were used unless otherwise stated.
Monolaurete Tween-20 (polyoxyethylenesorbitan) and sodium dodecyl sulfate (SDS), were 
obtained from Sigma Chemical Company, Poole, Dorset.
Glycine buffer was prepared using 0.1 M glycine, pH 10.4, and 0.02% (w/v) thimerosal. 
Tris-HCL buffer, 0.1 M pH 10.4 was prepared using 0.1 M tris base and titrating with 
0.1 M HCL. Phosphate buffered saline, 0.01 M PBS pH 7.4, was prepared using 0.012 M 
Na^HPO^, 0.003 M NaHzPO^ and 0.15 M NaCl.
5.2.2 Sample presentation
Clear microtitre plates were obtained from either Becton Dickinson UK Ltd or Dakopatts 
through Mercia Brocades Limited, Brocades House, Pyrford Road, West Byfleet, Surrey. 
Black microtitre plates (Microfluor-B) were obtained from Dynatec Limited, Daux Road, 
Billingshurst, Sussex. Polystyrene beads (6.5 mm diameter, etched) were obtained from 
Northumbria Biologicals Limited, Cramlington, Northumberland.
Abbot assays, using polystyrene beads, were incubated and washed in special 20 well 
reaction trays provided with the kits. The beads were transferred to black microtitre plates
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for presentation to the IPD and CCD.
5.2.3 Luminescence assays
Horseradish peroxidase enzyme, type VI; luminol (5-Amino-2,3-dihydro 1,4- 
phthalazinedione) 95-97 % crystalline, mw 177.2, para-iodophenol (PIP); and hydrogen 
peroxide, 30% solution were obtained from Sigma Chemical Company, Poole, Dorset.
5.2.4 Hepatitis-B assays
Auszyme II diagnostic assay kits for hepatitis-B, were obtained from Abbott Laboratories, 
Diagnostics Division, Wokingham, Berkshire. The kits included hepatitis-B antibody 
coated beads, anti hepatitis-B: peroxidase conjugate, and hepatitis-B positive and negative 
controls. Hepatitis-B monoclonals 1044/192.75.19 and 1044/329.43 were provided within 
Coralab Research.
5.2.5 Gonorrhoea assays
Gonozyme diagnostic assay kits for Neisseria gonorrhoea, were obtained from Abbott 
Laboratories, Diagnostics Division. The kits include assay beads, polyclonal antibody to N. 
gonorrhoea, positive controls and negative (phosphate buffered saline) controls and buffers.
5.2.6 Chlamydia assays
Diagnostic assay kits for Chlamydia were obtained from Abbott Laboratories Diagnostics 
Division. The kits include assay beads, polyclonal antibody to Chlamydia, positive 
controls and negative (phosphate buffered saline) controls and dilution buffers.
5.2.7 Herpes assays
Herpes simplex virus detection and typing kits for HSV I and II were obtained from 
Dakopatts. The kit included antisera for HSV I and n , anti-herpes type I horseradish 
peroxidase conjugate and anti-herpes type II horseradish peroxidase conjugate, and negative 
control serum.
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5.2.8 Alpha-foetoprotein assay
Alpha-foetoprotein diagnostic assay kits, AFP-EIA, were obtained from Abbott 
Laboratories, Diagnostics Division. The kits included AFP antibody coated beads, anti- 
AFP: horseradish peroxidase antibody conjugate, AFP (human) standards 60, 40, 20, 10, 5,
2 ng/ml and negative control, AFP control I (range 10-30 ng/ml AFP) and AFP control II 
(150-300 ng/ml AFP). The WHO international reference preparation for alpha-foetoprotein 
(British Standard (72/227) was obtained from the National Institute of Biological 
Standards and Control, Holly Hill, London [Sizaret and Anderson, 1976].
5.3 Methods for chemiluminescent immunoassay performance tests
Immunoassays used in this chapter were adapted from commercially available kits 
including Abbott and Dako. The assay kits were based on antibodies labelled with the 
enzyme horseradish peroxidase which was detected using colour end points. The assay 
substrate protocols for these kits were adapted using the enhanced luminol substrate for 
horseradish peroxidase to give luminescent reactions. Further modifications to these kits 
were made by substituting proprietary monoclonal antibodies in place of the trapping 
antibodies on the bead or microtitre plate solid phases. The performance of these new 
monoclonal antibodies was compared with the antibodies used in the original assay kits.
The performance and sensitivity of immunoassays for infectious agents such as herpes. 
Gonorrhoea and Chlamydia were evaluated. These assay protocols include sample 
extraction (not required for the herpes serum assays previously described). The 
commercially available kits included positive and negative control samples which were 
measured using both the IPD and CCD instruments to assess the relative performance and 
dynamic range of the detectors for these assays.
5.3.1 Preparation of antibody coating of solid phase
Polystyrene beads (6.5 mm) were washed in a 1% solution of SDS for 30 minutes, using a 
magnetic stirrer. The beads were rinsed repeatedly with distilled water and degassed under 
vacuum in glycine buffer. The beads were coated with antibody by adding 100 degassed 
beads to approximately 50 ml of degassed glycine buffer ( 0.1 M, pH 8.8) containing
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1.1 mg of coating protein. The beads were mixed gently for 6 hours at room temperature 
and then washed with PBS buffer. The beads were further coated with PBS containing 
0.5% BSA for 30 minutes, to block any non-specific binding sites. The beads were then 
rinsed with acetate buffer (0.1 M, pH 4.2) for 10 minutes and washed twice with PBS- 
Tween. The beads were finally dried in a desiccator and stored in a dry container at 4°C.
5.3.2 Luminescent assays
Luminescent substrate for horseradish peroxidase was prepared according to the method of 
Kricka [Ham et a i, 1979; Thorpe and Kricka, 1986]. The substrate was prepared freshly 
using purified sodium luminol and the light enhancer para-iodophenol. Purified luminol 
was prepared by solubilisation of sodium luminol in 1.0 M sodium hydroxide. The 
solution was heated to boiling and filtered through a medium-grade filter. The filtrate was 
left to stand at room temperature overnight in a covered container and the purified sodium 
luminol crystals were collected and rinsed with cold 1.0 M sodium hydroxide. The 
material was recrystallised using this procedure to yield the purified sodium luminol used 
in these assays.
Luminescent substrate was prepared by dissolving 25 mg of purified sodium luminol in 
100 ml of 0.01 M Tris buffer, pH 8.5. Para-iodophenol (PIP) solution was prepared by 
dissolving in dimethyl sulfoxide (DMSO), at 3 mg/ml. 1.1 mis of PIP/DMSO was added 
to 100 ml of luminol buffer. Immediately prior to activation of the substrate, 31 |il of 30% 
hydrogen peroxide was added to the luminol/PIP substrate buffer.
5.3.3 Hepatitis-B assays
Hepatitis-B assays were evaluated using the Abbott Auszyme II diagnostic kit. A number 
of monoclonal antibodies were assessed and compared as trapping antibodies in modified 
assays. The assays were conducted using positive and negative control samples and 
peroxidase antibody conjugate which were obtained from the Auszyme II kit.
Monoclonal antibodies to hepatitis-B, clone numbers 1044/329 and 1044/192, were also 
obtained from within Coralab Research. These antibodies raised to hepatitis-B surface 
antigens were characterised by Dr Colin Howard at The London School of Hygiene and
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Tropical Medicine and shown to have high affinity. The monoclonal antibodies were 
assessed as trapping antibodies at a range of coating concentrations on both bead and 
microtitre plate solid phases.
The wells of black microtitre plates were coated with a 50 jil solution of each trapping 
antibody (anti-hepatitis-B), which was diluted in 0.01 M PBS pH 7.4 at a concentration of 
either 100 pg/ml or 10 pg/ml, and incubated for 16 hours at 4°C. After removal of this 
coating solution, the wells were treated with 1% Marvel for 1 hour at 37°C, and then 
washed three times with PBS. The positive and negative (Abbott) controls (50 pi volume) 
were then added to the treated wells and incubated for 30 minutes at 37°C. The wells were 
then washed five times with PBS/Tween. The Abbott peroxidase-anti-hepatitis-B conjugate 
was diluted 1:2 in 0.01 M PBS pH 7.4 and a 50 pi volume of this reagent was added to 
the wells and incubated for 30 minutes at 37°C. The plates were finally washed five times 
in PBS/Tween. Light emission was activated by addition of 50 pi of standard substrate 
luminol/PIP/H202 reagent and the microtitre plate presented for analysis in the IPD using 
typical integration periods of 20 or 40 seconds and appropriate software.
The above procedure was followed for the polystyrene bead assays using 200 pi of control 
sample and 200 pi of Abbott anti-hepatitis-B peroxidase conjugate.
The assay procedure and the IPD detector measurements were optimised during these 
studies. The coating concentrations for the trapping antibody was varied and evaluated on 
the MTP and bead solid phases. The analysis method in the IPD was developed for this 
immunoassay by use of appropriate calibration routines (Appendix B and Appendix C) and 
by selecting a suitable radius of integration for this assay presentation.
5.3.4 Gonorrhoea assay
Gonorrhoea assays were conducted using the Abbott Gonozyme diagnostic kits, according 
to the manufacturers protocols. These peroxidase-based assays were converted for 
luminescence by addition of enhanced luminol substrate in place of the colour development 
stage. Assays were run by the addition of 200 pi of control samples, 3 negatives and 1 
positive into the wells of the reaction trays. A single bead was then added to each well
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and covered using plastic film. The bead trays were incubated in a water bath at 3TC  for 
45 minutes. After incubation the beads were washed four times using distilled water. A 
second incubation was conducted by the addition of 200 pi of N. gonorrhoea antibody to 
each bead. The beads were washed after 45 minutes incubation at 3TC  using distilled 
water. A third and final incubation was conducted by the addition of 200 pi of antibody: 
peroxidase conjugate to each bead. The beads were incubated for 45 minutes at 37°C and 
washed as before using distilled water. Prior to final washing the enhanced luminol 
substrate was freshly prepared. The beads were removed from the assay plates using the 
vacuum washer and dropped into the wells of the microtitre plate, taking care to place 
them in alternate wells. The light emitting reaction was activated by the addition of 150 pi 
of enhanced luminol substrate (Section 5.3.2) to each well, and the plates immediately 
placed in either the IPD or CCD detectors.
The samples were measured directly in the IPD and CCD and further measurements were 
made in the IPD using neutral density filters at values ND 0.5 and 1.0. These filters 
reduced the light levels seen by the IPD, which allowed the effects of overload and 
dynamic range in the IPD for the measurement of luminescent immunoassays to be 
assessed.
5.3.5 Chlamydia assay
Chlamydia assays were conducted using the Abbott Chlamydiazyme diagnostic kits, 
according to the manufacturers protocols. These peroxidase-based assays were converted 
for luminescence by addition of enhanced luminol/PIP/H202 substrate (Section 5.3.2) in 
place of the colour development stage. The protocol for the Chlamydia assay was the 
same as for the Gonozyme assay described in Section 5.3.4 above.
5.3.6 Herpes assays
The application of the IPD for the analysis and typing of herpes simplex I and II antigen 
samples was evaluated using the Dakopatts kit. This colour-based kit, employing 
horseradish peroxidase as a label, had been developed for the detection and typing of 
herpes simplex virus in tissue culture isolates and directly in specimens. Samples were
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determined by incubation with both type I and type II antibodies and the relative response 
to each test would give the sample type. This assay was modified by using specific 
monoclonal antibodies which were prepared at Coralab Research and investigated as 
trapping or secondary antibodies. These anti-herpes monoclonals has been assessed by 
Dr Tony Minson of the Division of Virology, Department of Pathology, University of 
Cambridge. The first antibody 124/465.75 was found to be specific to HSV type I, GD 
antigenic site and the second antibody 1073/53.21 was specific to HSV type II, GC 
antigenic site.
Assay beads were coated with polyclonal rabbit antiserum and incubated for one hour with 
a series of dilutions of antigen preparations, either type I or type II. The beads were 
washed with phosphate buffer and followed by a second incubation with rabbit anti-mouse 
peroxidase conjugate. After the second incubation the beads were washed 3 times with 
phosphate buffer and transferred into a black microtitre plate. Light emission was activated 
by the addition of 150 \il of freshly prepared luminol/H202 substrate. The light emitting 
samples were presented immediately to the IPD detector and measured for 2 to 5 minutes.
A panel of the above herpes I and II assays, gonorrhoea and chlamydia was prepared and 
measured together in the IPD.
5.3.7 Alpha-foetoprotein assay
Measurement of serum alpha-foetoprotein (AFP) is important in the diagnosis of several 
malignent diseases, including non-seminomatous testicular cancer and primary 
hepatocellular cancer, where serum levels of AFP are elevated above normal values of 0-15 
ng/ml. Foetal abnormalities such as open-neural tube defects can be detected by 
monitoring AFP levels in maternal serum and anmiotic fluid.
AFP assays were conducted using a commercially available peroxidase-linked immunoassay 
kit and tests were run according to the manufacturers’ recommended procedures. A series 
of standards, ranging from 0 - 6 0  ng/ml of AFP, were run in conjunction with two control 
samples. The controls contained known values of AFP, and were diluted to give high and 
low values within the range of the standards.
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The assay is a multistep procedure. The enzyme assay step is normally performed 
colorimetrically. This step was adapted for luminescence estimation by the use of the 
enhanced luminol hydrogen peroxide substrate reagent (Section 5.3.2). The processed 
beads were placed in the wells of a black microtitre plate, activated with enhanced 
luminol/PIP/H202 substrate, and imaged in the IPD and CCD.
The AFP assay was useful in the development of the analysis methods in the IPD, as 
described in Appendix C, as the dynamic range of the assay was over 2 to 3 orders of 
magnitude. The quantitation of this assay was used as a measure of the analysis methods 
and software development over several months. Standard curves and controls were also 
estimated in the IPD using successive levels of neutral density filters to assess the overload 
characteristics of the detector on assay performance. The filters reduce the light incident 
on the detector and hence allow the light levels associated with the assay to fall within the 
working range of the detector. AFP standard curves were also measured in the CCD 
detector for the purpose of comparison.
5.4 Results
The application of the IPD and CCD to measure a range of immunoassays is described and 
results presented in the following sub-sections. Further data is given in Appendix H.
A range of commercially available assay kits was modified and developed using 
combinations of specific monoclonal antibodies and their performance assessed using 
luminescent imaging. This was demonstrated for infectious agents such as hepatitis-B, 
herpes simplex types I and II, gonorrhoea and chlamydia using positive and negative 
control samples. A hormone assay for alpha-foetoprotein, including a range of standards 
and control samples was also studied to evaluate the quantitative analysis of the imaging 
detectors.
The peroxidase based immunoassays were modified for chemiluminescence by the addition 
of luminol/H202 substrate. The assays were further modified by the substitution of specific 
monoclonal antibodies and the relative performance of these assays compared with standard 
assay protocols.
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The IPD system required optimization to operate effectively over the dynamic range of 
these various assays, as described below. The analysis software for the IPD and CCD was 
developed during the studies to optimise the quantitative reporting of results. This software 
development is described in Chapters 1 to 4 and Appendix C. The initial studies for 
hepatitis-B, gonorrhoea, chlamydia and herpes were conducted using developmental 
software. The AFP assays were analysed using the final software version which included 
flat-fielding and noise corrections and control Betalight normalisation.
5.4.1 Hepatitis-B
The early application of the imaging detectors for the analysis of immunoassays was 
carried out using a hepatitis-B assay in the IPD. Comparison was made with a standard 
Abbott assay adapted for luminescence and further adapted using two Coralab hepatitis-B 
monoclonal antibodies (1044/329 and 1044/192) as trapping antibodies either bound to 
polystyrene beads or directly to the wells of a microtitre plate. The coating concentrations 
for these trapping antibodies were optimised using positive and negative controls 
(Appendix Table H.l). Luminescent readings were made using the IPD with measurement 
times of one to two minutes compared with colorimetric assays which required a 30 minute 
incubation to produce the colour reaction.
The results of the assays carried out using the Abbott beads, Coralab antibody coated beads 
and microtitre plates are shown in Figures 5.1 and 5.2 and the results summarised in Table 
5.1. Colourgraphic images from one of the early assays measured in the IPD are shown in 
Figure 5.1. The images are presented as 2 dimensional images and 3-dimensional 
histograms, with colour and height used to show intensity. Figures 5.1(a) and (b) show a 
Coralab assay with 2 positive and 3 negative control samples. Figures 5.1(c) and (d) show 
an Abbott assay with 3 positive and 3 negative controls.
The Coralab antibodies gave results at least as good as Abbott as shown by the values of 
the ratio of the positive and negative controls (P/N value) in Table 5.1. The P/N ratio for 
the Abbott assay was 20:1 compared with 37:1 for Coralab antibody 192 and 60:1 for 
Coralab antibody 329. The microtitre plate assays using Coralab antibodies gave lower 
P/N ratios than those for beads. The luminescent bead assays using Coralab monoclonal 
antibodies gave lower signals for the negative controls than the Abbott assays as seen in
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Figure 5.1(a) 2-D colourgraphic of Coralab Luminescent hepatitis-B assay (IPD).
Figure 5.1(b) 3-D colourgraphic of Coralab Luminescent hepatitis-B assay (IPD).
Figure 5.1(c) 2-D colourgraphic of Abbott Luminescent hepatitis-B assay (IPD).
Figure 5.1(d) 3-D colourgraphic of Abbott Luminescent hepatitis-B assay (IPD).
Colour scale shown in Figures (a) and (c) corresponds to counts. In Figures
(b) and (d) the intensity of each pixel is represented by the height and colour 
of the columns.
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Figure 5.2(a) Colourgraphic of Abbott & Coralab hepatitis-B assay showing 2 
positive (yellow) and 2 negative (red/orange) samples (IPD) 
a) Coralab antibody 194 b) Coralab antibody 329 c) Abbott antibody.
Figure 5.2(b) Colourgraphic of hepatitis-B assay (IPD) showing effects of non-uniformity 
of antibody coating on MTP wells and poor plate washing (bright ring).
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Table 5.1 Summary of readings for hepatitis-B positive and negative controls, 
using a range of assay methods and data analysis.
Radius of 
area of 
integration 
(pixels)
Ratio P/N values measured by various methods*
Abbott
Colour
**
Abbott
Lumin
Coral
Bead
329
Coral
Bead
192
Coral
MT
329
Coral
MT
192
2 (24) 20 60 37 17 20
3 34 56 34 11 25
4 27 55 34 6.5 9.3
Abbott Colour 
Abbott Lumin 
Coral Bead 329 
Coral Bead 192 
Coral MT 329 
Coral MT 192
Standard Abbott Absorbence Readings 
Abbott Assay Bead Using Luminescent Substrate 
Bead Assay - trapping antibody Coralab 1044.329 
Bead Assay - trapping antibody Coralab 1044.192 
Microtitre plate assay - trapping antibody Coralab 1044.329 
Microtitre plate assay - trapping antibody Coralab 1044.192
Values shown here are calculated from the average of 2 readings for positive 
controls and 2 or 3 readings for negative controls.
Abbott Colour - absorption measurement independent of radius value determined 
using standard Abbott assay protocol, measured with absorbence spectrometer in 
Department of Biochemistry, Coralab Research.
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Figures 5.1 and 5.2. This resulted in higher P/N ratios. The microtitre plate assays, using 
Coralab antibodies, produced higher readings for the negative controls than those for the 
coated beads (Table 5.1). The effects of varying the radius of integration for the bead and 
microtitre plate assays are also shown in Table 5.1. The P/N values measured at a radius 
at 2 and 3 pixels were higher than those measured at a radius of 4 pixels. This may be 
due to geometrical effects and washing effects in the microtitre plate. A radius of 4 
slightly exceeded the geometrical size of the well, therefore subsequent assays were 
generally analysed at a radius of 2 or 3 pixels. The microtitre plates indicated effects due 
to non-uniformity of coating and washing of the plates which produce variations in 
performance of the assay. The effects of poor washing and non-uniformity of coating are 
seen in Figure 5.2(b). Further differences were seen in the values for different negative 
controls, including negative control sera from other kits and phosphate buffered saline, 
which showed greater variation in the bead assays than in the microtitre plate assays 
suggesting variations in non-specific binding (Appendix Table H.2).
5.4.2 Gonorrhoea and Chlamydia
The application of imaging detectors to measure two assays simultaneously for Gonorrhoea 
and Chlamydia is illustrated for the IPD in Figure 5.3. Cross-sectional analyses of images 
for these assays are shown in Figures 5.4(a)-(b), (IPD) and Figure 5.5(a)-(b), (CCD). The 
profiles of light emission from these bead assays were compared for the IPD and CCD.
The profile of signal across the well for beads (IPD) has a maximum at the edges of the 
bead and a dip in the middle corresponding to the centre of the bead. This profile in the 
light detected from different regions of the beads is to be expected from simple geometric 
considerations. The effects of light spreading in the IPD are seen as tails on the cross- 
sections extending beyond the geometrical edges of the beads and wells. The profiles for 
the CCD show a very sharp fall off at the geometrical edges of the bead and a large dip in 
the centre of the bead as expected (half maximum height). The signal in the centre of the 
bead for the CCD is reduced to -50% of the maximum signals at the edges compared with 
a reduction of less than -20% in the centre of the bead on average for the IPD.
Effects of spreading and coincidence infilling are seen in the IPD as residual signals 
between the wells and loss of definition of the profile of the bead in cross-section. These
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Figure 5.3 Colourgraphic of Abbott assay for Gonorrhoea and Chlamydia, adapted for 
luminescence, measured using the IPD. Assay beads are located in alternate 
wells of a microtitre plate. The positions of the vertical cross-sections 
shown in Figure 5.4 are indicated.
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Figure 5.4(a) Histogram analysis of luminescent gonorrhoea assay (Abbott) seen in Figure 
5.3, showing profiles of light emission (IPD) for a vertical section 3 pixels 
wide through wells A and B, with sizes and positions as indicated. The tails 
of the light peaks are seen to spread to adjacent wells, with the dotted 
vertical lines indicating the dimensions of the wells.
Figure 5.4(b) As 5.4(a), for a vertical section through wells C, D, E and F.
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Figure 5.5(a) Histogram analysis of gonorrhoea assay giving profile of light emission
(CCD), showing structure of a single bead in a well. The edges of the bead 
are clearly defined in the cross-section and the background between wells is 
less than 1% of peak level.
(b) Image of bead assay in an MTP, showing a zoom display of single well 
(CCD). A histogram cross-section is superimposed on the image.
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effects are due to overload where the light emission from the positive assay samples 
exceeds the upper dynamic range of the detector.
The use of neutral density filters was examined to reduce the brightness levels of the 
assays as measured by the IPD. The results of the P/N ratio for the Gonorrhoea assay 
using no filter and using neutral filters ND 0.5 and 1.0 are shown in Table 5.2. The P/N 
ratio is a factor of 2 higher where the ND 0.5 is used and no further improvement in the 
ratio is seen for ND 1.0. The ND 0.5 filter should reduce the signal by a factor of about 
3.5; however the measured factor is 2.4 for the positive control and 4.5 for the negative 
control. This is consistent with misreporting of signals when the IPD is overloaded. The 
values reported for ND 0.5 and 1.0 have a ratio 3.8 for both the positive and negative 
controls. The reported signal for the negative control using ND 1.0 was small, less than 3 
counts per well per second, which is approaching the lower limit of detection for the IPD. 
The use of ND 0.5 was considered optimal to bring the range of the assay within the 
dynamic range of the detector.
A comparison between the IPD and CCD detectors for the measurement of Gonorrhoea 
and Chlamydia positive and negative controls is shown in Table 5.3. An ND 0.5 filter was 
used for these IPD measurements. The P/N ratios are broadly similar for the two detectors, 
which indicates that the IPD was operating within its useful dynamic range. When the 
same assay was measured by the two detectors the signals were found to be in the ratio 
-13:1. This is due the effects of the attenuation caused by the ND 0.5 filter and the lower 
DQE (detective quantum efficiency) of the IPD as previously observed in Chapter 3.
5.4.3 Herpes simplex virus 1 and 11
The results of the comparison of two monoclonal antibodies for HSV 1 and 11 are shown in 
Table 5.4. A series of dilutions of the antigen samples, (1:5, 1:10, 1:40 and 1:80) were 
measured to determine the sensitivity of these antibodies in a luminescent assay. The 
distinction between HSV 1 and HSV 11 antigens was made at dilutions as great as 1:80, 
using the two Coralab herpes monoclonals antibodies at a P/N ratio of 5:1 and 2.4:1.
These preliminary results indicate the improved potential sensitivity of the new monoclonal 
antibodies compared with the standard Dako assay, which was not able to distinguish 
diluted antigen solutions.
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Table 5.2 Luminescent immunoassay for Gonorrhoea measured using the IPD with 
successive levels of neutral density filters. The results are the average 
readings for 2 sets of positive and negative control samples.
ND IPD Counts - Photons/100 sec/well Ratio
Filter Positive Control Negative Control P/N
None 2.16 X 10’ 5.76 X 10^ 37:1
0.5 9.01 X 10“ 1.29 X 10^ 69:1
1.0 2.37 X 10“ 344 68:1
Table 5.3 Luminescent immunoassays for (a) Gonorrhoea and (b) Chlamydia measured
using the IPD and CCD. A neutral density filter (ND 0.5) was used with the 
IPD detector. In each case the results are the average readings for 2 sets of 
positive and negative control samples.
(a) Gonorrhoea - Abbott Gonozyme test.
Positive Negative P/N
IPD 9.76x10'* 1.30x10^ 75:1
CCD 1.3x10^ 1.7x10'* 75:1
(b) Chlamydia - Abbott Chlamydiazyme test
Positive Negative P/N
IPD 8.99x10'* 1.55x10^ 58:1
CCD 1.26x10^ 1.83x10'* 69:1
- 136-
Chapter 5
Table 5.4 Luminescent immunoassays for herpes simplex (HSV) types I and II, measured
using the IPD. The assay used a bead solid phase coated with two different 
monoclonal antibodies: a) HSV type I b) HSV type H.
(a) Monoclonal Antibody 124/468.75 Gd specific herpes 1.
Dilution of 
HSV-1 Antigen 
Sample
Antigen
HSVl
(pos)
Antigen
H s v n
(neg)
Ratio
m i
1:5 29,424 2,473 12:1
1:10 19,983 1,309 15:1
1:40 4,889 551 9:1
1:80 3,552 708 5:1
(b) Monoclonal antibody 1073/53.21 Gc specific herpes H.
Dilution of 
HSV-11 Antigen 
Sample
Antigen
HSVl
(pos)
Antigen 
HSV 11 
(neg)
Ratio
11/1
1:5 2,053 70.008 34:1
1:10 1,680 40,884 24:1
1:40 2,054 20,604 10:1
1:80 2,416 5,892 2.4:1
The values reported are the average readings for 2 sets of tests for each sample.
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The possibility of combining the above HSV type I and II test with others relating to 
venereal diseases was explored using components from Abbott kits for Chlamydia and 
Gonorrhoea. The results of such a combination are illustrated in the colourgraphic image 
shown as Figure 5.6. This is the first example of a multiple group of immunological tests 
successfully carried out simultaneously in the same field of view.
5.4.4 Alpha-foetoprotein
The performance of the IPD and CCD for the quantitative analysis of a range of sample 
standards and controls was compared in a bead immunoassay for AFP. This assay was 
repeated a number of times in the course of optimising the software corrections applied to 
the analysis of the light emission (see Appendix C and Chapter 1).
An image obtained in the CCD using the Abbott AFP assays converted for luminescence 
using the enhanced luminol substrate is shown in Figure 5.7. Typical calibration curves 
generated using the final analysis software from a series of standards run in duplicate in 
both detectors are presented in Figure 5.8. These curves are representative of the results 
obtained over a number of repetitions of the experiments. The summary table of the values 
reported for control samples using the standard curves is shown in Table 5.5 and the data 
are shown in Appendix Tables H.3 and H.4. Control samples were diluted 1:8 for the 
assay procedure and values measured from the calibration curves are scaled up by a factor 
of 8 to report AFP levels in the control samples.
The curves shown are similar to those obtained according to the manufacturers’ 
recommended procedures as illustrated in Appendix Figure H.5. Photon fluxes determined 
in the CCD were higher than those in the IPD for a given level of AFP. Photon overload 
is observed in the IPD where no filter is used, leading to under-reporting of signals and 
hence a negative slope on the calibration curve at AFP standards above 20 ng/ml. This 
non-monotonic response leads to ambiguous reporting of values and therefore the curve 
cannot be applied for the analysis of samples in the IPD. Calibration curves repeated for 
the IPD using neutral density filters appeared to be within the linear range of the detector. 
An example of the effect of overload seen on the IPD where no filter is used is shown in 
Figure 5.9.
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Figure 5.6 Colourgraphic showing a panel of four different assays, herpes I and II, 
chlamydia and gonorrhoea, read simultaneously in the IPD.
Key; First Row, HSV I 2 pos, 2 neg;
Second Row, HSV II 2 neg, 2 pos;
Third and Fourth Rows, Gonorrhoea 1 pos, 3 neg; 
Fifth and Sixth Rows, Chlamydia 1 pos, 3 neg.
139
Chapter 5
M ftVftTKM T:CK# «T M«y *e & ## #noets.O T S F f t n .  M W iJ «M n  mCMM MMMK.
rr M L ?. MKIL4W )  W K # # /# »  0 0 R » / # ^
ML* *. * #, »/M *#/»*/M %#/#*/% f  •
CAMBRIDGE CCD SY TEM
j * 4 : ' A
CAMBRIDGE CCD SYSTEM. !!SZ**Lftt'i&«r*SSS^
mmm * ta  «MC? ML? Mw#/#,?» **####» #Mt#
M«« SUM M* M?M. ML* *k # &,## ##/&#/** #  ^ 9
cem P9t n  « k. j#*### Mm. ml*. #*##* m m ? lim ■*.•#
Figure 5.7(a) Colour photograph of Abbott AFP bead assay, standards and controls (CCD).
Figure 5.7(b) Colour photograph of zoom display of top right region of (a) above, showing 
range of standards for AFP assay (CCD). A horizontal cross-section through 
the beads seen in the lower row, indicating the profiles of light emission, is 
superimposed on the image.
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Figure 5.8 Standard curves for AFP luminescent assay measured using the IPD with a
range of neutral density (ND) filters ( A no filter, □ ND 0.5, o  ND 1.0) and 
the CCD ( •  ). Straight lines have been drawn between the points to define 
the standard curves and the data for these curves are shown in Appendix H. 
These standard curves are typical of results obtained during the development 
of this assay for both detectors.
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Table 5.5 AFP control samples measured using (a) the IPD system with successive 
levels of neutral density filters, (b) the CCD system and (c) a summary 
giving means and standard deviations for both detectors. AFP levels (ng/ml) 
were determined from standard curves as shown in Figure 5.8 and the data 
are given in Appendix H, Tables H.3 and H.4.
(a) IPD measured AFP levels.
Control
Sample
Official
Level
Measured AFP levels (ng/ml) - IPD
No Filter ND0.5 ND 1.0
1 20 30 17.6 18.4 20.8 21.6
2 267 136-388 304 244 230 272
(b) CCD measured AFP levels.
Control Sample Official Level Measured AFP levels (ng/ml) - CCD
1 15 14.4 11.2 14.4 13.6
2 206 214 190 170 203
(c) Means and standard deviations of measured AFP levels (4 readings).
Control Sample IPD
(ND 0.5 & ND 1.0)
CCD
1
Mean 19.6 13.4
Standard Deviation 1.9 1.5
CV(%) 9.7 11.3
2
Mean 262 194
Standard Deviation 33 18.9
CV(%) 12.6 9.7
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Figure 5.9 Colourgraphic of AFP assay measured in the IPD where no ND filter is 
used. The effects of overload are seen as cross-talk and spreading.
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The control values obtained from the calibration curves for the CCD, which are 
summarised in Tables 5.5(a), (b) and (c), are in satisfactory agreement with the 
manufacturers’ official levels. The measured control values are systematically slightly 
lower than expected and this may be due to the delay between final wash and addition of 
substrate which was necessary for the CCD readings. The IPD, used with ND 0.5 or 1.0 
filters, gave values that were in good agreement with official levels for the high and low 
control samples, with means and standard deviations similar to the CCD values (CV or 
fractional error of -10%), as reported in Table 5.5(c).
5.5 Discussion
Imaging detectors have been successfully applied to the quantitative measurement and 
analysis of a range of luminescent immunoassays. These assays include infectious agents 
such as hepatitis-B where rapid screening of large numbers of samples can be achieved.
The IPD was applied for the first time to the measurement of four different assays, HSV I 
and n . Gonorrhoea and Chlamydia, simultaneously in the same field of view. This is an 
important prospect for the screening of diagnostically related groups or panels of assays 
including infectious agents, hormones and serological groups.
The IPD and CCD detectors were also applied to the assessment of high performance 
monoclonal antibodies in a range of immunoassays. Luminescent imaging offers a rapid 
and sensitive technique for the evaluation of the specificity and sensitivity of novel 
monoclonal antibodies.
5.5.1 Sample presentation
Two different sample presentations were assessed, namely coated MTP wells and coated 
beads which were placed within a microtitre plate for measurement. The imaging detectors 
allowed the relative performance of the two presentations to be determined. This included 
the effects of assays protocols such as washing and the uniformity of antibody coating on 
each matrix.
Sample presentations were compared in the hepatitis-B assay. The bead assays using 
Coralab antibodies gave generally higher P/N ratios than those using the antibodies coated
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on the wells of a microtitre plate. Washing effects were seen with the microtitre plates and 
resulted in false positives and occasionally high backgrounds. The effect of changing the 
radius of integration on the reported P/N ratios of all assays showed that the smaller radius 
of 2 pixels improved the reported P/N ratios.
Geometrical effects such as the profile of light emission across the beads or wells and the 
radius of integration were studied for both detectors. This allowed the optimal area of 
integration to be established for the quantitative analysis of light emission. This was 
consistent with the full width at half maximum for the profiles of light emission.
The dip in the profiles of light emission for the beads is much more clearly seen in the 
CCD cross-section than the corresponding IPD cross-section. This is because the IPD has 
lower spatial resolution than the CCD and suffers from coincidence infilling between the 
peaks at the edges of the bead (Ref. Chapter 3). Thus the profile of light emission is less 
well defined.
5.5.2 Immunoassays
The performance of modified immunoassays was assessed to evaluate the improvement 
offered by specific monoclonal antibodies coupled to luminescence imaging on the 
sensitivity and selectivity of diagnostic immunoassays. A number of specific monoclonal 
antibodies were evaluated including those for hepatitis-B and herpes simplex I and II. The 
limits of sensitivity of a given enzyme immunoassay can be defined as the signal 
corresponding to the immunological blank which corresponds to a negative control or 
insignificant level of analyte. A further lower limit of sensitivity corresponds to the 
chemical blank which should be measured above the background of the detector.
Hepatitis-B monoclonal antibodies, used as trapping antibodies, were found to give 
improved performance compared to the conventional assay kit in the measurement of 
positive and negative samples. The immunological blank was found to be reduced with 
these antibodies. Further evaluation is required with a range of clinical samples to 
establish the sensitivity improvement that can be achieved. Monoclonal antibodies for 
herpes were also assessed during the course of this study as trapping antibodies in a 
luminescence assay. These assays were shown to allow discrimination of HSV I and II
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virus antigen samples at dilutions up to 1:80. This was beyond the detection limits of the 
standard colour ELISA assay, which was not sufficiently sensitive to evaluate diluted 
antigen samples.
The CCD was able to accommodate the entire dynamic range of the AFP assay. The 
results for the control samples were in close agreement with the reported values.
5.5.3 Performance of detectors
Studies carried out to establish the photometric performance of the IPD and CCD detector 
systems demonstrated the usefulness of both detectors for the quantitative measurement and 
analysis of luminescent immunoassays. Light levels typically found in immunoassays are 
outside the linear range of the IPD. It is not possible to quantify high light values without 
the use of filters; neutral density filters attenuate light emission so that values fall within 
the linear range of the detector. This increases the precision of the assays with high light 
levels, but can result in an increased error at low sensitivity levels for wide dynamic range 
assays.
A number of software corrections were assessed and developed to achieve quantitative 
analysis using the IPD. These included noise and response corrections described in 
previous chapters. The optimisation of the area of integration was found to be an 
important consideration for the analysis of immunoassays on a variety of solid phase 
presentations.
The wide dynamic range and the sensitivity of the CCD made it more suited to the 
accurate analysis of luminescent immunoassays than the IPD. The IPD performance fell 
short of that of the CCD although this was improved with the used of neutral density 
filters. The IPD can, however, be used for quantitative photometry provided a number of 
constraints, established here, are observed. These are firstly, that the luminescent samples 
must be widely separated (at least one empty well between luminescent samples); secondly, 
that the photon flux must be kept below the local overload level established by employing 
neutral density filters to attenuate the light incident on the detector; and thirdly, that the 
measurements must be carried out immediately after calibrating the system for ‘flat field’ 
and image drifting. These protocols can be difficult to follow for widely varying assays and
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limit the application of the IPD detector, therefore IPD-based detectors were not used for 
the remaining studies described in this thesis.
The development of a novel immunoassay format based on a microbead solid phase and 
using CCD-based detectors is described in Chapter 6. A third detector system, based on 
intensified CCD cameras, become available after the completion of the studies described in 
the present chapter and Chapter 6. Applications of the intensified CCD camera system to a 
number of problems of luminescence imaging are described in Chapters 7 and 8.
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RAPID LATEX-BASED ASSAY FOR HCG
6.1 Introduction
Luminescence offers potential advantages of speed and dynamic range and improved 
performance for sensitive immunoassays where high sensitivity is required. The following 
study describes the development of a rapid, multiple, latex-based immunoassay for hCG 
using a luminescence reaction, measured using the CCD system.
The model assay system used as a starting point was the SUDS hCG assay, which had 
been developed in house at Murex Corporation, Atlanta, Georgia, USA. This SUDS assay 
was a qualitative, single test device using latex particles separated on a glass fibre 
membrane. The latex solid phase was coated with a trapping antibody for hCG. A second 
antibody conjugated to the enzyme alkaline-phosphatase was detected using a colour 
precipitating substrate.
The SUDS single assay system was specifically modified and adapted for multiple assays 
on a membrane using a colour end-point and then converted to luminescence. In the 
luminescence immunoassay studies the same latex-antibody solid phase was used with a 
second antibody conjugated to horseradish peroxidase. The enhanced luminol and peroxide 
substrate system was used for chemiluminescence assays.
The Bio-Dot system, a commercially available microfiltration system designed for DNA 
dot-blotting on membranes, was used for this study. A range of membranes were tested to 
select the material best suited for a multiple assay format. The assay protocol including 
reagent addition and washing steps was modified and optimised in this study to yield better 
sensitivity and precision.
The procedure for the latex based assay, captured on a membrane using the Bio-Dot 
apparatus, was converted for luminescence and developed for assay presentation using the 
CCD imaging system. The CCD system, including optics and analysis software, is 
described in Chapter 2 and Appendix C.
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6.2 Materials
6.2.1 Buffers and general reagents
Tris buffer, bovine serum albumin, foetal bovine serum, hydrochloric acid, citric acid, 
sodium hydroxide, dimethyl sulfoxide (DMSO), glycine buffer, citrate buffer, sodium 
acetate, phosphate buffer (dihydrogen sodium phosphate, disodium hydrogen phosphate), 
sodium chloride, sodium carbonate, sodium bicarbonate, were obtained from BDH Limited, 
Eastleigh, Hampshire. Analar grade chemicals were used unless otherwise stated.
Monolaurete Tween-20 (polyoxyethylenesorbitan) and SDS were obtained from Sigma 
Chemical Company, Poole, Dorset.
Latex storage buffer was prepared using 0.1 M Glycine, pH 8.2, 0.17 M NaCl, 0.02 %
(w/v) thimerosal, 1.0 % (w/v) bovine serum albumin, 0.05 % (w/v) Tween 20. Conjugate 
dilution buffer was prepared using 0.05 M Tris-HCl, pH 7.4, 0.5 M NaCl, 0.5 % (w/v) 
thimerosal, 0.1 % (w/v) bovine serum albumin. Wash buffer was prepared using 0.05 M 
Tris-HCl, pH 7.4 and 1.0 M NaCl. Dilution buffer for the hCG standard was prepared 
using 0.05 M Tris-HCl, pH 7.4, 0.5 M NaCl, 20% (v/v) foetal bovine serum, 0.02 % (w/v) 
thimerosal.
6.2.2 Antibody and immunoassay reagents
The anti-hCG monoclonal antibody used to bind to the latex particles was obtained from 
Medix Biotech Inc., Foster City, CA., USA. The antibody was covalently attached to 0.8 
micron latex particles using the coupling procedure described in the Batch Production 
Record entitled "Murex SUDS hCG Latex-Antibody Suspension" Document Number 09- 
4h-101F. The anti-hCG monoclonal antibody conjugated to horseradish peroxidase was 
obtained from Medix Biotech Inc., Foster City, CA., USA. The hCG standard (W.H.O 
International Reference Preparation, 1st I.R.P., batch 73/537) was obtained from National 
Institute for Biological Standards and Controls, Holly Hill, London [Campbell, 1974].
6.2.3 Luminescence substrate
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Luminol (4-Aminophthalhydrazide, mw 177.2), 4-iodophenol (mw 220) and hydrogen 
peroxide, 30% solution, were obtained from Sigma Chemical Company, St. Louis,
Missouri, USA. The enhanced luminol chemiluminescent substrate reagent for the enzyme 
horseradish peroxidase was prepared using sodium luminol (25 mg), p-iodophenol (1.1 ml 
of 3 mg/ml in DMSO), 0.1 M Tris-HCl, pH 8.5 and hydrogen peroxide (0.3 ml of 3% 
peroxide solution in 100 ml distilled water). Working luminescent substrate reagent was 
made up fresh for each assay by combining equal volumes of the constituent reagents A 
and B as follows:
Reagent A: 12.5 mM sodium luminol (250 mg/ 100 ml), 1.5 mM p-iodophenol (33 mg/
100 ml), 0.2 M Tris-HCl, Ph 8.5 (20 ml 1.0 M Tris-HCl, pH 8.5). The solution was made 
up to 100 ml with distilled water and stored at room temperature.
Reagent B: 0.094% hydrogen peroxide (3.13 ml of 3% hydrogen peroxide). The
solutions were brought to 100 ml with distilled water and stored at room temperature.
6.2.4 Sample presentation
The membranes evaluated in this study were obtained from Gelman Sciences Inc., Ann 
Arbor, MI, Millipore Corp., Bedford, Ma. and Pall, Glen Cove, NY., USA. The membrane 
selected as the support for the hCG immunoassay was Gelman HT-Tuffryn, 0.45 micron, 
which was cut to fit (65 x 55 mm) onto the Bio-Dot apparatus described below.
The Bio-Dot microfiltration apparatus was obtained from Bio-Rad Laboratories, Richmond, 
CA. The Bio-Dot apparatus was used for assay membrane support and vacuum separation 
and the method of assembly is shown in Figure 6.1. Sellotape was used to seal the 
peripheral holes of the gasket leaving a 6 by 7 matrix of holes. The Gelman membrane 
was sized to cover this matrix.
6.3 Methods
The procedure for processing multiple latex-based immunoassays on a membrane support 
has been developed in the course of this work, and will now be described.
The latex particles are captured on a support membrane using the Bio-Dot apparatus.
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Figure 6.1 Diagram of the assembly of the Bio-Dot microfiltration apparatus, as shown 
in manufacturer’s handbook.
- 151
Chapter 6
Samples and reagents are added via the wells of the Bio-Dot system. Reagent separation 
and wash steps are carried out under vacuum. The latex particles are retained on the 
surface of the membrane during these procedures. Luminescent substrate reagent is added 
to the assay under vacuum. The membrane is then removed from the apparatus and placed 
on a second membrane which has been saturated with substrate solution. The combined 
assay and substrate membrane are then placed on a support tray and presented for detection 
using the CCD system. Sequential exposures can be taken to monitor the kinetics of light 
emission.
The multiple assays described in this chapter were the result of many experimental trials 
and the methods finally used are discussed here.
6.3.1 Preparation of luminescent substrate
Sodium Luminol was purified by recrystallisation using sodium hydroxide according to the 
method of Kricka [Ham, et al, 1979]. Luminol (10 g) was weighed and added to 12 ml of
5.0 M NaOH. The solution was heated by submersing in a boiling water bath. A medium 
grade filter funnel was preheated in a 100 degree oven. The hot sodium luminol was 
filtered and allowed to stand overnight at 4°C. The crystals of sodium luminol were 
harvested by rinsing with cold 1.0 M NaOH. The recrystallisation was repeated twice as 
outlined above using 10 ml of 1.0 M NaOH. Details of the substrate preparation are give 
in Section 6.2.
6.3.2 Preparation of antibody reagents
Details of preparation of antibody reagents are given in Section 6.2.
6.3.3 Presentation of enzyme-conjugated latex captured on membrane
A procedure was developed for the processing and presentation of multiple samples of 
enzyme conjugated latex on a membrane. The protocols for reagent addition and sample 
processing were developed and optimised using this simple latex preparation prior to using 
an immunoassay.
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Enzyme-conjugated latex particles were captured on a membrane by filtering under vacuum 
using the Bio-Dot Apparatus. The filtered particles were then activated by addition of 
luminescent substrate and measured using the CCD System as follows.
The membrane support gasket was prepared by placing the membrane over the central area 
and sealing the uncovered vacuum ports with an airtight material, for example 2" sellotape 
(Figures 6.2(a) and (b)). A fresh membrane was placed over the central area and moistened 
by addition of 350-400 pi of wash buffer. The upper sample template was then bolted 
down onto the Bio-Dot apparatus. Dilutions of latex suspension (50 pi volumes) were 
pipetted into the wells of the template directly over membrane. A vacuum (10-15 in Hg 
vapour) was applied to draw liquid through the latex suspension. Care was taken to 
maintain the vacuum continuously through the liquid addition steps and sequential liquid 
additions followed immediately after the liquid meniscus had disappeared at the latex 
interface.
The latex was washed by the addition of 500 pi wash buffer to each well. The liquid was 
drawn through the membrane and followed with a second 500 pi volume of wash buffer. 
After washing, 50 pi of luminol substrate reagent was added to each well and drawn 
through the latex under gentle vacuum. The vacuum was maintained whilst the apparatus 
was unbolted and the upper sample template removed. This was found to be necessary to 
avoid disturbing the latex by accidental slipping of the membrane. The vacuum was then 
released for the latex particle assay membrane to be removed. The membrane was placed 
on an absorbent material to dry the under surface.
The latex membrane was presented to the CCD detector as follows. A substrate reagent 
membrane was prepared by adding 350 pi substrate reagent to a second membrane. The 
latex assay membrane was placed directly over this substrate reagent membrane, ensuring 
even contact (as shown in Figure 6.2). Both membranes were mounted on a black card 
and placed on the reverse side of a black microtitre plate and presented to the CCD for 
imaging.
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Figure 6.2 Diagram illustrating latex assay membrane presentation to the CCD camera, 
showing both top and side views.
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6.3.4 Procedure for luminescent linked immunoassay, with latex solid phase captured on a 
membrane, using the Bio-Dot apparatus
The following procedure was developed for processing multiple latex based immunoassays 
on a membrane using the Bio-Dot apparatus.
The assay membrane and substrate membrane are shown viewed from above and in-section 
from the side. The membrane support gasket was prepared by placing a membrane over 
the central area and sealing uncovered vacuum ports with an airtight material. The 
membrane was moistened by the addition of 350-400 pi wash buffer to avoid leakage 
between wells. The upper sample template was bolted into place and the wash buffer 
drawn through the membrane under vacuum. Latex suspension (50 pi volume) was 
pipetted into the template wells directly over the membrane, and then 50 pi of hCG assay 
sample was added to the suspension in each well. These samples were incubated for a 
range of time intervals, typically 5 minutes. After the incubation the liquid samples were 
drawn through the latex suspension under vacuum. The latex samples were washed by the 
addition of 500 pi wash buffer to each well, and vacuumed through the membrane.
Enzyme-antibody conjugate was pipetted into each well so as to re-suspend the latex 
particles and incubated for a range of time intervals, typically 5 minutes. After this second 
incubation the latex particles were washed twice with 500 pi of wash buffer under vacuum.
Substrate reagent (50 pi) was added to each well and drawn through the latex under gentle 
vacuum. The apparatus was unbolted and the latex assay membrane removed as in Section 
6.3.3. The sample membrane was placed onto a substrate membrane and presented to the 
CCD for imaging (Figure 6.2). The sample presentation was carefully aligned with the 
microtitre plate taking care to prevent the edges of the membrane from lifting. Integration 
times of 30 seconds were used to measure the light emission and sequential exposures were 
taken to monitor the kinetics of the light emission.
6.3.5 Statistical methods
Standard curves for assays were typically obtained from measurements of duplicate or 
triplicate samples. Where multiple measurements were available the means and standard
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deviations were calculated.
The sample mean is the average value of the samples, ie:
x = n
The standard deviation (SD or a) is the square root of the mean of the squares of the 
differences between the individual sample values and the mean value, ie:
{SD) ^  = ---------------n
The standard deviations for a given assay are usually reported as coefficients of variation 
(CV’s) which are the standard error expressed as a percentage fraction of the mean, ie:
 ^ SD X 1 0 0  
X
Where appropriate, straight lines have been fitted to standard curves using the formula:
y  = A x  + B
The coefficient A, measures the slope of the graph and the coefficient B, measures the 
intercept of the graph with the y-axis. These coefficients were calculated using standard 
regression formulae which are given here for reference:
j. _ n'Exy -  E x E y  „ _ 'Ey -  a E x  
nEx^ -  (Ex) 2 n
In addition where two methods were being compared, the agreement between methods was 
evaluated by regression analysis and the correlation coefficient, r, was calculated using the 
formula:
„ _ n E xy  -  ExEy
V ( Æ x^ -  (Ex) 2) ( Æ y^  -  (Ey) 2)
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6.4 Results
A latex based assay for hCG, using a peroxidase linked antibody conjugate, has been 
converted from a colour to a luminescence end-point. The SUDS assay protocol was 
successfully adapted from a single test to a multiple test format with the aid of CCD 
imaging and was evaluated using a range of standards and samples. The assay support 
membrane and the assay protocol was optimised, including reagent and substrate addition 
and washing steps, in order to achieve this adaptation. The methods developed in this 
study are described in the previous sections (6.3.3 and 6.3.4) and the results of these 
developments are presented in the following sub-sections.
6.4.1 Selection of membrane
Initial assay development was carried out to convert the single SUDS colour test to a 
multiple 96 sample assay in the microtitre plate 12 x 8 test geometry. The assay 
membrane was selected from a range of materials, including glass fibre, nylon, 
nitrocellulose and a new material polysulfone. Membranes of different pore sizes (0.2,
0.45 and 0.8 pm) were tested for properties including retention of latex particles (0.77 pm), 
strength and flow rates under vacuum, non-specific protein binding, and background 
luminescence. The material selected was a new development from Gelman, a polysulfone 
membrane HT Tuffryn with pore size 4.5 pm.
6.4.2 Development of assay protocol
The starting point for assay development was conversion of the SUDS test into a multiple 
format using the Bio-Dot apparatus to contain the assay membrane and define 96 reaction 
sites. Initial investigations used the colour assay on a fibre glass membrane as in the 
SUDS test. However there were problems with speed of flow of reagents in the assay and 
large variability in measurement of the colour signals.
The multiassay format was developed using colour-stained and enzyme-linked latex 
particles as a test matrix. A variety of membranes were tested and the HT Tuffryn 
membrane was selected for good flow characteristics and low non-specific binding.
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Protocols were then optimized for the hCG immunoassay using the colour end point which 
was measured using a specifically modified colour reader to record sequentially the 
absorbance from each assay zone on the membrane. The assay was then converted to a 
luminescence end point.
The substrate addition step was optimised to increase the reproducibility of assays using 
direct enzyme-linked latex (as described in Section 6.3.3). This permitted the light 
emission from the enzyme reaction to be studied in a more controlled way. The 
luminescence protocol incorporated the assay developments from the colour procedure and 
the optimised substrate addition steps.
The reagent addition, flow steps and washing steps were modified and evaluated to develop 
the multiple assay format on a membrane. Colour stained latex as well as enzyme-linked 
latex were used to make these evaluations. A number of features of the assay method were 
found to be important.
In the first place, latex particles tended to spread between wells of the Bio-Dot system 
under vacuum. This occurred because when a vacuum was applied and then released, the 
gasket distorted and shifted the membrane and latex from its central position under the well 
which resulted in spreading of the latex and poor washing efficiency. This problem had to 
be overcome by wetting the assay membrane prior to addition of reagents to facilitate 
liquid flow and to minimise liquid entry into the unwashed areas between wells. Moreover, 
adding liquids to the reaction surface after removal of the template disturbs the latex pad 
affecting quantitative measurement.
The substrate reagent membrane was found to be essential as a reservoir of the substrate 
for the enzyme latex. It thereby minimised the effect of evaporation which would 
otherwise cause the membrane to curl and distort the focus.
6.4.3 HCG colour assay
The results of the colour assay for hCG showing a series of standard dilutions (500, 250, 
100, 50, 20, 0 mlU/ml hCG), and a range of unknown samples is shown in Figure 6.3.
The colour intensity, seen as shades of blue, represents analyte concentration. A standard
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Figure 6.3 Photograph of multiple latex assay for hCG on membrane using colour 
substrate. Two series of standard dilutions of hCG (500 - 0 mlU/ml) are 
shown (top and left). A range of duplicate samples, with corresponding 
levels of hCG as determined by RIA analysis, are also shown in the centre.
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curve for this assay, measured using a modified colour reader, is shown in Figure 6.4 and 
the data in Table 6.1. A working dynamic range of 500 - 0 mlU/ml hCG is demonstrated 
with a rising linear trend at lower concentrations of analyte (<80 mlU/ml).
6.4.4 Performance of hCG luminescent assay
Having successfully demonstrated a multiple latex format using colour and enzyme latex, 
developments were undertaken to convert the assay to luminescence using the enhanced 
luminol substrate. The method was modified as described in Section 6.3.4. Good 
performance required careful adherence to the procedures described and in particular the 
reagent delivery and substrate steps were found to affect assay reproducibility. The 
assay CV’s were reduced from about 20-30% to -5% during the development of the 
luminescence immunoassay following these protocol developments.
For the colour assay the substrate was simply dropped onto the latex region with a pipette 
and gave adequate results over a ten minute incubation. The luminescence reaction was 
found to be non-reproducible when substrate was simply added to the sample latex pad. 
Improvements were achieved in reproducibility of the luminescence assay when the 
substrate was gently drawn through the latex pad under vacuum before removing the 
membrane from the Bio-Dot apparatus. A further step included placing the latex sample 
membrane on a second membrane, soaked with substrate, before presentation to the CCD.
The results of the luminescent hCG immunoassay showing a series of standard dilutions 
(500 - 0 mlU/ml) run in triplicate are shown in Figure 6.5. The effect of sample volume 
on sensitivity and dynamic range was compared for 100 pi and 50 pi samples. A cross- 
sectional histogram of the light emission through one of the rows of standards is shown in 
Figure 6.6. The peaks are well defined with clear separation between neighbouring 
samples. Effects of light scatter or spreading were not seen for normal assay samples and 
the membrane itself gave a uniform, low background.
The standard curve for the luminescent hCG assay, measured using the CCD is shown in 
Figures 6.7 and 6.8 and the data summarised in Table 6.2. The full assay range (500 - 0 
mlU/ml) is plotted in Figure 6.7 for the two sample volumes. Straight lines have been 
fitted to the data to illustrate the linearity of the luminescent assay. The slopes and
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Figure 6.4 Standard curve for hCG colour latex assay (500 - 0 mlU/ml), measured 
using colour absorbance reader. Straight lines have been drawn between 
points (average of two readings) to define the standard curves, and the data 
are given in Table 6.1. This standard curve is typical of results obtained for 
this assay.
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Table 6.1 HCG latex-based colour assay on a membrane measured using colour 
absorbance reader.
[hCG]
mlU/ml
Colour Readings (*) Standard
Deviation
(xlO-2)
CV
(%)A B Mean
500 0.942 0.947 0.944 2.5 2.6
250 0.721 0.830 0.775 55 7.1
100 0.467 0.575 0.521 54 10.4
50 0.312 0.321 0.316 4.5 1.4
20 0.121 0.139 0.130 9 6.9
0 0 1 0.5 0.25 50
(*) Colour Readings are Absorbance Values.
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Figure 6.5 Colour photograph of image of hCG luminescent latex assay on membrane, 
measured using the CCD. Two sets of standard dilutions in the range 
500 - 0 mlU/ml, run in triplicate, are seen for 100 pi samples (upper set) 
and 50 pi samples (lower set).
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Figure 6.6 Histogram of horizontal cross-section through the third row of samples
shown in Figure 6.5, indicating the profiles of light emission for this latex- 
based hCG assay. The peaks correspond to the positions of the sample latex 
regions.
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Figure 6.7 Graphs showing standard curves for luminescent latex-based hCG assay,
obtained with (a) 100 pi samples and (b) 50 pi samples, measured using the 
CCD. The straight lines are best fit regression lines with calculated 
intercepts and slopes as shown. Each point is the mean of 3 assay replicates 
and the data are summarised in Table 6.2.
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Figure 6.8 Graphs of standard curves for hCG assay, as shown in Figure 6.7, rescaled 
for lower region of assay range, 1 0 0 - 0  mlU/ml. The straight lines shown 
on this graph have been refitted omitting the 500 mlU data values. The new 
slopes and intercepts are shown.
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Table 6.2 Summary of results for hCG latex-based luminescent assay on membrane 
measured using CCD for (a) 100 pi and (b) 50 pi sample volumes.
(a)
[hCG]
mlU/ml
Photon Counts (Average Pixel Values) Standard
Deviation
CV
(%)A B C Mean
500 2649 3169 3216 3011 257 8.5
100 830 937 911 893 45.5 5.1
50 531 494 525 517 16.2 3.1
25 392 442 393 409 23.3 5.7
10 255 226 249 243 12.5 5.1
0 267 253 285 268 13.1 4.9
0(NC) 26 23.1 26.7 26.2 1.56 6.0
(b)
[hCG]
mlU/ml
Photon Counts (Average Pixel Values) Standard
Deviation
CV
(%)A B C Mean
500 2350 1927 2383 2220 207.6 9.3
100 703 645 647 665 26.9 4.0
50 421 454 462 446 17.7 3.9
25 328 371 - 349 21.5 6.1
10 250 260 249 253 4.9 1.9
0 246 - 274 260 14 5.3
0(NC) 30.6 26.2 21.5 26.1 3.7 14
0(NC) = negative sample with no conjugate added.
CV = coefficient of variation, expressed as percentage.
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intercepts of the graphs are given. Figure 6.8 shows the data sets from the lower region of 
the assay, excluding the 500 mlU/ml samples. The intercepts of the fitted lines are similar, 
although the slopes of the lines have increased. These figures show that the luminescent 
assay has a fairly linear range for hCG levels between 0 - 500 mlU/ml, although there is 
some change in slope at higher hCG levels. Assay CV’s of approximately 5% were 
achieved for the lower range (0 - 100 mlU/ml) rising to about 9% for the 500 mlU/ml 
samples. This luminescent assay has greater overall linear dynamic range than the colour 
assay seen in Figure 6.4.
6.4.5 Comparison of luminescence assay to radioimmunoassay (RIA) for hCG
Comparison between the same samples measured with RIA and luminescence was made to 
validate further the assay performance. Twenty four samples obtained from a clinical 
laboratory, tested using the RIA sandwich immunoassays, were measured using the 
luminescent hCG assay in the CCD. The results of these comparative assays on the patient 
samples are shown in Figure 6.9 as a correlation scatter graph. A straight line has been 
fitted to the data and the slope and intercept are shown. The data points in Figure 6.9 have 
typical errors of -5%, as can be seen from Table 6.2 and these errors are similar to those 
for RIA measurement. The correlation coefficient (r = 0.937) illustrates a fairly good 
correlation between the sample values reported for the two methods.
Some of the scatter in the data can be attributed to the age of the samples and time 
between RIA and luminescence measurement (3-4 days). The RIA standard curves were 
established using WHO International Standard II and the luminescent assay with 
International Standard I.
6.5 Discussion
The CCD imaging system has been successfully applied to the measurement of a novel 
immunoassay presentation, as demonstrated for the hormone hCG. A procedure was 
developed using a 96 well format for the rapid analysis and measurement of luminescent 
enzyme-linked immunoassays. Results comparable to RIA performance were achieved, 
though for assay times of only 10 minutes, compared with the two hours required for RIA. 
This rapid immunoassay could be applied to other samples, including infectious agents, and
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Figure 6.9 Graph of correlation between results of hCG assays for 23 patient samples 
measured with RIA and luminescence. Each point corresponds to a single 
sample with the RIA value shown by the x-axis and the luminescence value 
shown by the y-axis. The straight line is the best fit regression line to the 
data points with the coefficients given above.
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to establish rapid detection techniques for clinically related groups or panels.
CCD imaging was found to be essential for this luminescent assay protocol development, 
including testing membrane characteristics such as light pipping and backgrounds, and for 
achieving the precise method for substrate addition. Special features of the substrate 
protocol finally used included the gentle perfusion of substrate through the latex sample 
pad allowing optimised diffusion of substrate to the active site of the enzyme. A further 
feature was the presentation of the sample membrane to the CCD using a supporting 
membrane soaked with substrate as a reservoir for the sample membrane. The performance 
of the luminescent assay was greatly improved when substrate addition was optimised.
The development of the colour assay from a single test to a multi-test format was 
successfully demonstrated with a useful, though non-linear, dynamic range of 500-0 
mlU/ml (Figures 6.3 and 6.4). The colour assay was then modified to have a luminescent 
end point so as to explore the potential of increased linear dynamic range and overall assay 
performance using luminescence.
A number of advantages over colour assays were demonstrated with the luminescent 
immunoassay. A linear dynamic range was found over 500 - 0 mlU/ml with the potential 
to increase to 1000. The colour assay showed non-linear effects at levels over 100 
mlU/ml. The luminescence assay was rapid with no time required for substrate incubation 
as light emission is immediate and prolonged for 10 to 20 minutes. The colour assay 
required a 20 to 30 minute incubation and a further step to stop the reaction before reading.
The luminescent assay has CV’s between 5-9% and the colour assay between 8-15%.
Further comparison was made between these assays and RIA for the measurement of 
unknown patient samples. Preliminary results from a small number of samples (<24) 
measured in a clinical laboratory RIA procedure and subsequently measured using the 
luminescence immunoassay gave reasonable correlation (Figure 6.9). Some differences in 
the reported values may be due to the different WHO standard used to calibrate the assays. 
It has been reported that the relationship between standard I & II was S-shaped rather than 
linear, which may be indicated in the correlation data from this study. These early results 
indicate the potential of the luminescent latex-based immunoassay for the rapid 
simultaneous detection of clinical samples for agents including infectious diseases.
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COMPARISON OF COLOUR, CHEMILUMINESCENCE AND NOVEL FLUOROGENIC 
SUBSTRATES FOR HORSERADISH PEROXIDASE LINKED IMMUNOASSAY USING 
INTENSIFIED CCD DETECTOR SYSTEM
7.1 Introduction
An immunoassay for hCG was developed using a monoclonal antibody and polyclonal 
horseradish peroxidase enzyme conjugate. The assay was developed on a microtitre plate 
format then used to compare 3 different assay systems using colour, chemiluminescence 
and potentially fluorescence substrates. Fluorogenic substrates for peroxidase, based on 
homovanilic acid and p-hydroxyphenyl acetic acid [Guilbault et al., 1967, 1968a,b] were 
examined. The chemiluminescence assay was measured in a conventional photo-multiplier 
based microtitre plate luminometer and compared with a new imaging system based on an 
intensified CCD detector. This new system was developed during this project in 
collaboration with physicists at the Cavendish Laboratory, University of Cambridge 
[Ansorge et al., 1988,1991; Rushbrooke et al., 1993]. The intensified CCD operates at 
room temperature and produces real time output which can be measured and integrated to 
produce images and numerical data. Calibration results and immunoassay applications of 
this new imaging system are described in this Chapter. The calibration is summarised in 
Appendix I, and numerical results from the luminescent assays are summarised in 
Appendix J. Further biomedical applications are described in Chapters 8 and 9.
7.2 Intensified CCD apparatus (BIQ Bioview)
7.2.1 Introduction to intensified CCD apparatus
The intensified CCD system (BIQ Bioview, supplied by Image Research Ltd, Cambridge) 
is represented schematically in Figure 7.1(a) and shown in Figure 7.1(b) and Appendix I, 
Figure 1.1. The system comprised a light-tight housing in which is mounted an intensified 
CCD camera (ICCD camera), image processing electronics, computer, monitors for image 
display and graphics, and system control. Light emitting samples were introduced by 
means of a multi-purpose sample presentation tray located in the base of the housing. A 
microtitre plate holder was used to give a reproducible position for sample plates. Light 
was focused onto the detector using a single Canon f/1.2, 50mm focal length lens. The
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Figure 7.1(a) Schematic diagram of ICCD imaging system (BIQ Bioview) showing system 
components including ICCD camera, computer and displays.
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Figure 7.1(b) Photograph of ICCD imaging apparatus, as in (a), showing camera mounted 
on sample housing, electronics unit, computer and image displays.
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exposure time of integration was controlled by computer through software and could be 
varied from less than a second to over an hour. Signals from the ICCD camera were read 
out at TV frame rates (25 frames per second) and processed using image processing 
electronics. Specialised software was developed during this project in conjunction with the 
physicists at Image Research Limited and used for image acquisition, photon counting and 
image analysis. Digital images were stored on a computer (Dell 325D, 25 MHz cycle rate, 
4Mb RAM), which had an 80 Mb Hard Disc for image storage and control software.
Details of some of the manufacturer’s calibration procedures are given in Appendix I.
7.2.2 Image display and analysis
The ICCD system used here could display live television pictures from the video output of 
the camera, which are useful for setting up an experiment (e.g. focusing the lens). These 
live images could be shown in false colour or with contrast enhancement to show features 
and detail in the image.
The software was developed to integrate the light from a sample over a period of time by 
summing a sequence of frames (typically 1000 - 2000) to produce an integrated image. 
Images from ICCD could be stored and displayed digitally as a matrix of 512 by 512 
pixels (262,144 pixels per image) with either 8 bits (single TV frame) or 16 bits (integrated 
image) of intensity information belonging to each pixel. Figure 7.2(a) shows a single 
television frame corresponding to a microtitre plate containing varying levels of ATP 
firefly luciferase/luciferin [Hooper and Ansorge, 1990a]. The speckles seen in this image 
correspond to single photons amplified by the intensifier. Figure 7.2(b) shows the result of 
integrating over 1000 television frames (40 seconds), where the speckled appearance has 
gone from the brighter wells and the visibility of the light emission from the weaker wells 
is much improved. This image is displayed in false colour in Figure 7.2(c), where colour 
may be used to enhance contrast.
For the quantitative analysis of microtitre plates thee software was devised to compute light 
emission from the 96 regions of the MTP image. The calibration described in Appendix I, 
involved corrections to the raw images to report numerical results. A circular region 
corresponding to a specific number of pixels for a well was used to define the area over 
which the light from each MTP well was analysed. At a demagnification of 10 this area
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Figure 7.2(a) Single TV frame of microtitre plate containing varying levels of ATP and 
firefly luciferase/luciferin, viewed using the intensified CCD system. The 
image is shown in monochrome and detected photons appear as white 
speckles.
Figure 7.2(b) Image obtained by integrating 1000 TV frames (approximately 1 minute) 
taken under the same conditions as (a) above.
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Figure 7.2(c) As Figure 7.2(b) with the image displayed in false colour to enhance 
contrast.
Figure 7.2(d) Zoom display of region in (c) showing individual pixels.
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corresponds to approximately 680 pixels. The pixel structure of an image of a series of 
wells is shown in Figure 7.2(d). The radius of integrated for a well or region could be 
varied to accommodate a range of well or sample sizes.
Flat-field and gain corrections were automatically applied in software to allow for the 
variation of camera and lens efficiency across the field of view. These corrections are 
described in Appendix I. The corrected light emission from each well could then be 
reported as the detected photon flux, i.e. number of detected photons per unit area per unit 
time (e.g. photons per mm^ per second). The MTP analysis allowed for a single reading of 
a plate with an integration time which could be selected from 10 seconds to 1 hour. 
Repeated readings of the same plate were also possible and allowed studies of reaction 
kinetics. The results for all wells could be stored by the computer, and graphs or tables of 
nominated wells could be reported as required. Statistical analysis software was also 
available in this BIQ Bioview System.
The software was also developed for the analysis of gels and blots. In these cases, region 
or zones were defined on the image from which light emission could be reported. 
Rectangular and circular zones of differing sizes could be defined. Applications of this 
analysis software are described in Chapter 8, for DNA dot blots.
7.2.3 The intensified CCD camera
The system described here used an ICCD camera as its primary photon detector. The 
camera consists of a 2 stage image intensifier (Appendix I) with an overall photon gain of 
about 10,000, viewed by a CCD. The CCD itself was directly bonded onto the final output 
window of the intensifier. Fibre optic faceplates were used as optical windows to preserve 
image quality and for efficiency of light transfer without the need for lens coupling. The 
whole camera operated at room temperature and the CCD was operated as a conventional 
television sensor producing images at a rate of 25 frames per second (TV frame rates).
The intensified camera combined features of the IPD (discussed in Chapter 1) and the 
cooled CCD (discussed in Chapter 2). Thus the camera used an image intensifier to detect 
and amplify single photons like the IPD, but it uses a CCD as the sensor viewing the 
output of the intensifier, unlike the IPD which used a resistive anode and special analogue
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electronics. The intensifier used in the BIQ camera has a lower overall gain than that used 
in the IPD resulting in better overload characteristics. The CCD does not suffer from the 
coincidence infilling problem seen with the IPD when viewing bright samples.
The ICCD can be operated at room temperature because single photons detected by the 
intensifier are amplified and produce signals in the CCD which are large compared to the 
electronic noise introduced by the CCD itself. Without this amplification the CCD would 
have to be operated at very low temperatures to detect single photons (Chapter 2).
7.3 Materials
The following materials were used for the investigations described in this chapter:
7.3.1 Buffers and general reagents
Tris buffer, bovine serum albumin, hydrochloric acid, sodium hydroxide, glacial acetic 
acid, dimethyl sulfoxide (DMSO), glycine buffer, sodium acetate, phosphate buffer 
(dihydrogen sodium phosphate, disodium hydrogen phosphate), sodium chloride, sodium 
carbonate and sodium bicarbonate were obtained from BDH Limited, Eastleigh, Hampshire.
Glycine buffer was prepared using 0.1 M glycine, pH 10.4, and 0.02% (w/v) thimerosal. 
Tris-HCL buffer, 0.1 M pH 10.4 was prepared using 0.1 M tris base and titrating with 
0.1 M HCL. Phosphate buffered saline, 0.01 M PBS pH 7.4, was prepared using 0.012 M 
Na2 HP0 4 , 0.003 M NaHzPO^ and 0.15 M NaCl. Phosphate-citrate buffer, pH 5.5 was 
prepared using 0.01 M disodium hydrogen phosphate and 0.05 M citric acid.
7.3.2 Sample presentation
Clear microtitre plates were obtained from NUNC. Black microtitre plates (Microfluor-B) 
were obtained from Dynatech Limited, Billinghurst, Sussex.
7.3.3 Horseradish peroxidase enzyme and substrates
Horseradish peroxidase, type VI, was obtained from Sigma Chemical Co, Poole, Dorset.
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The colour substrate, TMB, was prepared from a stock solution in DMF and diluted in 
phosphate-citrate buffer, pH 5.5.
The luminescent substrate, Amerlite Signal Reagent (enhanced luminol/H202) was obtained 
from Amersham International pic, Amersham, UK.
Fluorogenic substrates were prepared and purified by Dr G T B Frost of the Applied 
Chemistry Group at the Robens Institute, University of Surrey. Tyramine and maleic 
anhydride were obtained from Sigma Chemical Co.
7.3.4 HCG assays
The hCG assay used in this chapter was developed at Guildhay Antisera Ltd, Guildford, 
Surrey and modified for these studies. Microtitre plates coated with monoclonal antibody 
specific for the beta-subunit of hCG, the polyclonal anti-hCG: peroxidase conjugate, and 
hCG standards were kindly provided by Guildhay Antisera Ltd. The hCG standards were 
prepared from a stock solution of the WHO International Reference Standard (WHO IRP 
I). The control antisera, Lyphochek immunoassay control sera, used as quality control 
samples were obtained from Bio-Rad Ltd, and kindly provided by Guildhay Antisera Ltd. 
Two different Lyphochek batches were required for the colour and luminescent assays.
The hCG concentrations for the QCl, QC2 and QC3 samples were lower for the colour 
assays.
7.3.5 Instrumentation
The Microlite MLIOOO microplate luminometer was from Dynatech Ltd, Billingshurst, 
Sussex, and was kindly made available by Dr Ian Cree, Department of Pathology, Nine 
Wells Hospital, Dundee. The ICCD imaging system, BIQ Bioview, is described in section
7.2.1 and Appendix J.
7.4 Methods
7.4.1 Development of hCG assay
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The hCG assays were developed from an existing assay protocol. Sample plates, provided 
by Guildhay Antisera Ltd, had been coated with a solution of trapping antibody and 
blocked with protein to minimise non-specific binding. For each assay, a standard range of 
dilutions of hCG and a series of quality control standards were run.
A series of standard dilutions of hCG (500, 250, 100, 50, 15, 5, 0  mlU/ml) were prepared 
from a stock solution of 1000 mlU/ml hCG standard and diluted in filtered bovine serum. 
These samples were stored in sterile containers at 4°C. Standard curves were run in 
duplicate on each of five plates for the colour and luminescent assays. Quality control 
samples, low (QCl), medium (QC2) and high (QC3), were prepared by reconstituting 
lyophilised Lyphochek immunoassay control sera. The reconstituted controls were stored 
in 1 ml quantities at -20°C and thawed immediately prior to use.
For each assay, a 25 |iil sample and 100 |Lil of diluted enzyme conjugate (e.g. 1:5000) are 
incubated at room temperature for one hour. The enzyme antibody conjugate was diluted 
in 0.1 M PBS, pH 7.4. At the end of this incubation, the assay plates are washed three 
times with wash buffer (0.05 M PBS/tween). The assays were initially measured using a 
colour substrate (TMB) for horseradish peroxidase and later converted for luminescence 
using the enhanced luminol substrate.
7.4.2 Colour assays
Clear microtitre plates (8 -well strips) were coated with anti-hCG antibody and blocked.
The sample volume and enzyme conjugate concentrations were optimised for this assay as 
described in the previous section. A conjugate dilution of 1:3000 and a sample volume of 
30 |il was found to be optimum for the colour assays. The colour substrate TMB was 
freshly diluted in citrate phosphate buffer, pH 5.5, containing 0.05% F^O^ The diluted 
substrate (200 jxl) was incubated for 30 minutes at room temperature and the reaction 
stopped by the addition of 50 |il of 2.5 M H2 SO4 . The colour intensity was then measured 
in a spectrometer (Labsystems Multiscan colour plate reader) using a 450 nm illumination 
filter. Results were reported as absorbance values for the standard curves and quality 
control samples.
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The quality control samples were run in six-fold replicates on three plates to allow analysis 
of inter-assay variation. A fourth plate was run with twenty-fold replicates to permit 
analysis of intra-assay variation. The hCG values for these samples were then calculated 
from these standard curves as described in section 7.4.4.
7.4.3 Luminescent assays
Black microtitre plates were coated with anti-hCG antibody and blocked using protein 
solution. The assay conditions were optimised as described in previous sections. The 
conjugate dilution was found to be optimal at 1:5000 and sample volumes of 50 and 100p,l 
were assayed. The enhanced chemiluminescent luminol substrate ‘Amerlite’ was used for 
the luminescent reaction. Light emission was initiated by the addition of 150p.l of 
substrate to each well and the signals were measured both in a conventional plate 
luminometer (Dynatech) and in the intensified CCD system (BIQ Bioview).
The quality control samples were run in six-fold replicates on five plates to allow analysis 
of inter-assay variation. A sixth plate was run with twenty-fold replicates to permit 
analysis of intra-assay variation.
7.4.4 Statistical analysis methods
Standard curves for assays were run typically in duplicate on each assay plate. Curve- 
fitting software on the BIQ Bioview system was used to analyse standard and sample data 
for the colour and luminescent assays. The software allows a variety of standard curve 
forms, such as quadratic or cubic spline to be fitted through all points or between pairs of 
points. Means and standard deviations for repeated assays and readings were calculated as 
discussed in Chapter 6, section 6.3.5.
The two luminescent instruments (BIQ Bioview and Dynatech readers) were compared for 
the measurement of the same luminescent hCG assay plates, to evaluate their performance. 
The results from these instruments were compared by fitting a regression line to the pairs 
of values reported and the correlation coefficient, r, was calculated using the formulae 
given in Chapter 6.3.5.
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7.4.5 Preparation of fluorogenic substrates
Fluorogenic substrates, p-Hydroxyphenyl acetic acid, p-Hydroxyphenyl propionic acid, p- 
Hydroxyphenyl ethyl amino isobutyric acid and p-Hydroxyphenyl ethyl amino succinic acid 
were prepared from the intermediate tyramine, and the purity checked using thin layer 
chromatography. These fluorogenic substrates, with chemical formulae shown in Figure 
7.3, were kindly prepared and purified by Dr G. T. B. Frost of the Applied Chemistry 
Group at the Robens Institute, University of Surrey.
7.4.6 Characterisation of fluorogenic substrates
UV absorbance spectra were measured using a Lambda UV/VIS Spectrophotometer 
(Perkin-Elmer Ltd, Beaconsfield, UK). Fluorescence spectra were measured using a 
Perkin-Elmer LS5 fluorimeter.
7.5 Results
The results of a comparison of colour and luminescent substrate systems for an hCG 
immunoassay, measured using a colour plate reader, ICCD imaging system and luminescent 
plate reader are described in the following sub-sections. Calibration of the ICCD imaging 
system, BIQ Bioview, is described in Appendix I and further data given in Appendix J.
7.5.1 Colour assays
The results of the colour hCG assays, measured using the Labsystems colour plate reader 
are shown in Figures 7.4 and 7.5 and summarised in Table 7.1. A standard curve for this 
assay, showing a series of standard dilutions (500, 250, 100, 50, 15,5 0 mlU/ml hCG) run 
on one of the four plates used, is seen in Figure 7.4. The results of the average quality 
control values, run on each of the four assay plates, are shown in Figure 7.5 in bar-chart 
form and are summarised in Table 7.1. The values for the four categories of quality 
control samples show good agreement from plate to plate from these bar-charts and within 
a plate as shown by the values of the standard deviations and coefficients of variation 
(CV’s) listed in Table 7.1.
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HO-^y^CHgCOOH 
p-Hydroxyphenyl acetic acid
HO-^^CHg-CHgCOOH 
p-Hydroxyphenyl propionic acid
CH3
H0-^-C2H4NH-CHCH2C00H 
p-Hydroxyphenyl ethyl amino isobutytic acid
CHgCOOH
HO-^-CzH^NH-CH-COOH 
p-Hydroxyphenyl ethyl amino succinic acid
Figure 7.3 Chemical formulae for the fluorogenic substrates for horseradish peroxidase.
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Figure 7.4 Standard curve for colour HCG assay in microtitre plates measured using
the Labsystems Multiscan plate reader. Results were reported as absorbance 
values and are typical for this assay. The data for 4 repeated colour assays 
are summarised in Appendix J.
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Mean QC Values for 4 Plates
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Figure 7.5 Bar charts for colour hCG assay, showing comparison of mean values of 4 
Quality Control (QC) samples for each of 4 assay plates read in the 
Labsystems colour plate reader. The mean values shown (16), are the 
average of 6 samples for each plate. The data are summarised in Table 7.1.
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Table 7.1 Results of Colour hCG assay measured in Labsystems plate reader. Average
Control Values (mlU/ml) for 4 Quality Control (QC) samples are
summarised (*).
QCl QC2 QC3 QC4
Plate 1
Average Control Value 3.18 10.43 54.20 0.63
Standard Deviation 0.40 0.91 2.97 0.39
CV 12.5 8.7 5.5 62.2
Plate 2
Average Control Value 3.62 11.42 59.8 0.63
Standard Deviation 0.39 0.84 1.91 0.25
CV 10.8 7.4 3.2 9.6
Plate 3
Average Control Value 3.61 11.09 57.34 0.46
Standard Deviation 0.40 0.44 3.74 0.06
CV 11.2 4.0 6.5 12.1
Plate 4
Average Control Value 3.12 10.86 56.44 1.02
Standard Deviation 0.62 1.26 4.18 0.94
CV 19.9 11.6 7.4 92.0
(*) Average Control Values [hCG] mlU/ml were obtained from average control counts and 
determined from standard curves run on each plate in duplicate (Appendix J). The 
averages and standard deviations were calculated from 6 samples per plate ( plates 1 - 3 )  
and 20 samples per plate (plate 4). The coefficients of variation (intra-assay CV’s 
expressed as percentages) are given for each QC and plate.
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7.5.2 Luminescent assays
The results obtained for the luminescent hCG assay measured using the BIQ Bioview 
ICCD system and Dynatech plate reader are shown in Figures 7.6, 7.7, and 7.8, and 
summarised in Tables 7.2 and 7.3. An image of the luminescent assay, obtained using the 
ICCD system, is shown in Figure 7.7. The results obtained for the hCG standards for each 
of six plates are tabulated in Appendix J. Two standard curves showing a series of 
standard dilutions of hCG (500 - 0 mlU/ml), measured in both readers, are shown in Figure 
7.7. The data for these curves is shown in Appendix Table J.l. Standard curves were 
obtained for each plate and for each instrument and these curves were then used to obtain 
hCG concentrations for the quality controls measured in each plate. The results of this 
analysis are summarised in Tables 7.2 and 7.3 and in bar-charts given as Figure 7.8. The 
tables give the means, standard deviations and CV’s of each set of quality control 
replicates.
Five plates were prepared containing a standard curve (7 points from 500 to 0 mlU/ml) of 
hCG in duplicate and 4 quality controls also in 6 fold replicate. A sixth plate was prepared 
containing the same standard curve in duplicate but with the 4 quality controls in 20 fold 
replicate. After suitable preparation, as discussed in section 7.4.3, these plates were read in 
the ICCD using a 5 minute integration time and then immediately re-read in a standard 
Dynatech plate reader. An image of plate 6 corresponding to a 5 minute integration time is 
shown in Figure 7.6. Ring structures are seen around each well which correspond to the 
trapping antibody coating both the sides and the bottom of the wells. The image shown 
has not been flat-fielded for display, which accounts for some of the variation apparent 
across the field of view. Flat-field corrections are applied before numerical results are 
reported by ICCD system (see Appendix I for details).
It can be seen from the tables that the standard deviations and corresponding CV’s are 
typically between 5% and 20% of the reported mean values of the low, medium and high 
quality controls (QCl, QC2 and QC3) for BIQ, and between 5% and 30% for the 
Dynatech. The negative control (QC4) shows larger variability for both readers and was 
on the limit of detection for the Dynatech reader. These individual variations are a 
measure of the intra-assay variation. Both measurement error and well-to-well fluctuations 
in the assay contribute to the observed intra-assay variation. There is good correlation
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Figure 7.6 Image of luminescent hCG assay in microtitre plate. The plate contains a
range of hCG standards in the range 500 - 0 mlU/ml, run in duplicate and 4 
quality controls run in 20-fold replicate. The image was obtained using a 5 
minute integration time with the BIQ Bioview ICCD system.
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Figure 7.7 Standard curves for luminescent hCG assay in microtitre plates measured
using the BIQ Bioview ICCD system (o) and the Dynatech plate reader (□). 
The light signals reported for each reader are shown on different scales, left 
and right y-axis. The data for 6 repeated assays are summarised in 
Appendix J.
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Figure 7.8 Bar charts for luminescent hCG assay, showing comparison of mean values 
of 4 Quality Control (QC) samples for each of six assay plates read in 
parallel with the BIQ (a) and Dynatech (b) luminometers. The mean values 
shown (24), are the average of 6 samples for each plate. The data are 
summarised in Tables 7.2 and 7.3
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Results of luminescent hCG assay measured in ICCD system (BIQ Bioview).
Average Control Values (mlU/ml) for four Quality Control (QC) samples are
summarised (*).
QCl QC2 QC3 QC4
Plate 1
Average Control Value 13.75 57.38 121.47 4.46
Standard Deviation 4.41 6.62 14.7 4.30
CV 32.1 11.5 12.1 96.4
Plate 2
Average Control Value 11.06 54.07 104.57 2.02
Standard Deviation 4.66 3.58 7.49 1.62
CV 42.1 6.6 7.2 80.3
Plate 3
Average Control Value 21.90 74.30 161.2 4.5
Standard Deviation 1.82 5.55 15.26 4.26
CV 8.3 7.5 9.5 95.4
Plate 4
Average Control Value 15.82 52.80 121.1 1.546
Standard Deviation 0.62 2.54 26.7 1.09
CV 3.9 4.8 22.1 70.5
Plate 5
Average Control Value 28.06 67.32 156.7 3.869
Standard Deviation 9.35 4.89 21.03 4.73
CV 33.3 7.26 13.4 122
Plate 6
Average Control Value 18.64 58.15 117.85 2.48
Standard Deviation 3.09 6.90 22.89 3.66
CV 16.6 11.9 19.4 148
(*) Average Control Values [hCG] mlU/ml were obtained from average control counts and 
determined from standard curves run on each plate in duplicate (Appendix J). The 
averages and standard deviations were calculated from 6 samples per plate ( plates 1 - 5 )  
and 20 samples per plate (plate 6). The coefficients of variation (intra-assay CV’s) are 
given for each QC and plate.
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Results of luminescent hCG assay measured in Dynatech plate reader.
Average Control Values (mlU/ml) for four Quality Control (QC) samples are
summarised (*).
QCl QC2 QC3 QC4
Plate 1
Average Control Value 14.44 57.07 98.02 2.78
Standard Deviation 2.56 3.40 33.85 1.59
CV 17.7 6.0 34.5 57.1
Plate 2
Average Control Value 8.20 53.52 103.85 15.11
Standard Deviation 5.01 3.12 5.90 -
CV 61.2 5.8 5.7 -
Plate 3
Average Control Value 19.40 73.85 158.28 8.80
Standard Deviation 1.35 7.07 11.16 3.84
CV 7.0 9.6 7.0 43.6
Plate 4
Average Control Value 15.72 45.65 105.64 -
Standard Deviation 0.89 11.59 26.6 -
CV 5.6 25.4 25.2 -
Plate 5
Average Control Value 28.37 67.6 155.15 17.2
Standard Deviation 5.9 5.82 21.5 1.2
CV 20.8 8.6 13.9 7.0
Plate 6
Average Control Value 17.72 63.60 134.2 10.06
Standard Deviation 3.09 6.33 16.73 6.67
CV 17.4 10.0 12.5 66.3
(*) Average Control Values [hCG] mlU/ml were obtained from average control counts and 
determined from standard curves run on each plate in duplicate (Appendix J). The 
averages and standard deviations were calculated from 6 samples per plate ( plates 1 - 5 )  
and 20 samples per plate (plate 6). The coefficients of variation (intra-assay CV’s) are 
given for each QC and plate.
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between the values for each quality control sample as measured by both instruments, 
suggesting that assay variability is making a greater contribution to the observed CV’s than 
instrument error. This is apparent in the bar charts of Figure 7.8.
The tables and bar charts also show evidence for inter-assay variation as represented by 
plate-to-plate variations. For example, Figure 7.8 show that the values for plates 3 and 5 
are higher than for the other plates. Some of the observed differences may be due to 
variations in the incubation times of the plates, rather than to intrinsic variability of the 
assay. The inter-assay means and corresponding standard deviations and CV’s are 
compared for the colour and luminescent assays in Table 7.4. The mean control values for 
the QC’s in the colour assays are lower than for the luminescent assays, consistent with the 
lower concentration of hCG in the control samples. The standard deviations and CV’s are 
higher for the luminescent assays than for colour assays.
A comparison between the BIQ Bioview and Dynatech systems is shown in Figure 7.9, 
which shows the individual hCG values for 20 quality controls in 5 plates obtained from 
both instruments as given in Tables 7.2 and 7.3. A regression line has been fitted to this 
data; the slope (A = 1.024), intercept (B = 0.044) and correlation coefficient (r = 0.986) 
show that there is good agreement between the two instruments.
7.5.3 Fluorescence assays
The fluorogenic substrates for horseradish peroxidase, p-Hydroxyphenyl acetic acid, p- 
Hydroxyphenyl propionic acid, p-Hydroxyphenyl ethyl amino isobutyric acid and p- 
Hydroxyphenyl ethyl amino succinic acid were evaluated and their fluorescent intensities 
compared. The results obtained from the measurement of the absorbance spectra and 
fluorescence spectra for these fluorescent compounds are summarised in Table 7.5. The 
spectra were obtained for each substrate, after overnight incubation with the enzyme. 
Measurements were made at three pH values, namely pH 1, ph 7.5 and pH 12.5 to 
investigate the effect of pH on ionisation.
The UV absorbance spectra showed a peak of absorption at a wavelength of approximately 
255-260 nm with a shoulder extending over the range 280-320 nm. Small differences only 
could be observed as a result of adjusting pH. The relative fluorescence intensities for the
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Table 7.4 Comparison of results of Colour hCG assay measured in Labsystems plate 
reader and Luminescence hCG assay measured in BIQ Bioview and 
Dynatech readers. Inter-Assay Means (mlU/ml) for 4 Quality Control (QC) 
samples are summarised for each assay method (*),
QCl QC2 QC3 QC4
Colour
Assay
(Labsystems)
Inter-Assay Mean 3.38 10.98 56.81 0.68
Standard Deviation 0.27 0.50 2.82 0.24
CV 7.99 4.55 4.96 34.6
QCl QC2 QC3 QC4
Luminescent
Assay
(BIQ Bioview)
Inter-Assay Mean 18.20 60.67 130.5 3.15
Standard Deviation 6.12 8.40 22.9 1.29
CV 33.6 13.8 17.6 41.1
Luminescent
Assay
(Dynatech)
Inter-Assay Mean 17.31 60.22 125.86 10.79
Standard Deviation 6.62 10.19 27.01 5.67
CV 38.4 16.9 21.5 52.5
(*) Inter-Assay Means, [hCG] mlU/ml, were obtained as the mean of the Average Control 
Values reported in Tables 7.1, 7.2 and 7.3. The standard deviations and coefficients of 
variation (inter-assay CV’s) are given for each QC and assay method. The QC samples for 
the colour assay were from a different control batch than for the luminescent assay.
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Figure 7.9 Graph of correlation between results of luminescent hCG assays, measured
using the BIQ Bioview ICCD imaging system and Dynatech MTP reader, for 
a range of standards and control samples. Each point on the graph 
represents the mean of either 4 samples for plates 1 to 4, or 20 samples for 
plate 6. The Dynatech reader values are shown on the x-axis and the ICCD 
values are shown on the y-axis. The straight line is the best fit regression 
line to the data points with the coefficients given above.
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Table 7.5 Summary of results for measurement of absorbance and fluorescence spectral 
characteristics for fluorogenic substrates
Substrate
FLUORESCENCE SPECTROSCOPY UV SPECTROSCOPY
pH Emission 
Wavelength 
{%, nm)
Fluorescent
Intensity
pH Absorbance 
Wavelength 
(À, nm)
Absorbance
Intensity
pHPAA
12 414 87 12 253 (292 s) 2.00
7.5 414 92 8 253 (298 s) 1.80
1 414 90 1 252 (284 s) 1.22
pHPPA
12 418 45 12 253 (300 s) 1.85
7.5 418 53 8.5 253 (284 s) 1.94
1 416 46 1 253 (280 s) 1.53
pHPBA
12 417 106 12 253 (292 s) 2.03
7.5 415 106 8.5 253 (290 s) 2.05
1 415 104 1 254 (288 s) 1.74
pHPSA
12 419 77 12 252 (286 s) 1.35
7.5 419 87 8.5 252 (294 s) 1.93
1 419 75 1 252 (285 s) 0.93
pHPAA
pHPPA
pHPBA
pHPSA
p-Hydroxyphenyl acetic acid 
p-Hydroxyphenyl propionic acid 
p-Hydroxyphenyl ethyl amino isobut]^ic acid 
p-Hydroxyphenyl ethyl amino succinic acid
different fluorescent products showed that the longer chain butyric acid and succinic acid 
derivatives gave higher intensities than the propionic acid derivative.
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7.6 Discussion
A comparison has been made for both colour and luminescent substrates for the enzyme 
horseradish peroxidase in an immunoassay for hCG. The immunoassay was developed in 
clear microtitre plates for the colour assay and modified for the luminescent assays in black 
microtitre plates. The colour absorbance measurements were made using a plate 
colourimeter (Labsystems plate reader). The light emission from the chemiluminescent 
assay was detected and measured both using a conventional MTP luminometer with a 
photomultiplier tube detector (Dynatech), and a new intensified CCD imaging system. 
Further study involved the preliminary spectroscopic analysis of four fluorogenic substrates 
which were synthesised following the work of Guilbault and co-workers [Guilbault et a l, 
1967, 1968a,b].
The initial assessment of the colour assay showed somewhat more reproducible results than 
for the luminescent assay, as seen by comparing the results in Figures 7.5 and 7.8 and the 
sununary in Table 7.4. The inter-assay coefficients of variation (CV’s) for the colour assay 
were approximately 5-8% for the quality controls QC1-QC3, compared with the 
luminescent assay which gave CV’s of approximately 17-34% for the ICCD imaging 
system and approximately 21-38% for the Dynatech plate reader. The lowest sample QC4, 
which was the negative control showed more comparable assay CV’s between the colour 
and luminescent assays. Some of the increased variability seen in the luminescent assays 
may be due to the black MTP solid phase, which were found to have poorer binding 
capacity for the trapping antibody compared to the clear plates used for the colour assay. 
The horseradish peroxidase antibody conjugate was used at a higher concentration in the 
colour assay than for the luminescent assay.
The comparison of the Dynatech MTP reader and ICCD imaging system for the 
luminescence measurement, as seen in Figure 7.8 and summarised in Table 7.4, showed 
that the two instruments gave comparable results. A regression plot seen in Figure 7.9 
showed a linear fit for the MTP reader and the imaging system, with a high coefficient of 
correlation (r). The bar charts in Figure 7.8, show similar systematic effects in the results 
obtained with both readers for the quality control samples in the luminescent assays. This 
shows that the instruments themselves were giving similar readings and indicates that the 
new imaging system gave comparable results to the established plate reader for the
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measurement of these luminescent assays. Some effects were seen in the images obtained 
with the ICCD system for the structure of light emission in the wells. The light emission 
was seen to be brighter in the edges of the wells than the centres, due to the antibody 
coating on the sides of the MTP wells. The radius of integration could be varied using the 
imaging system to accommodate a measurement of all the light emission from the MTP 
wells, whereas the MTP reader has a fixed measurement area. However the imaging 
system showed some effects of lens parallax affecting the imaging of the light emission 
from the corner wells. The standard curves for the luminescent assays seen in Figure 7.7 
show an increase in the measured hght emission for the bright sample (500 mlU/ml) in the 
imaging system compared with the plate reader, indicating increased dynamic range for 
higher light emission. Further developments in the assay protocol, including improved 
assay plate preparation and temperature control, could be made to improve the performance 
of this chemiluminescent immunoassay compared with the conventional colour assay.
The preliminary evaluation of the fluorescence substrates for horseradish peroxidase, using 
UV and fluorescence spectroscopy, showed that the fluorescence properties of the four 
different carboxylic acid derivatised substrates were very similar. This indicates that the 
phenol group is the main characteristic contributing to the fluorescence of the molecules. 
The excitation and emission wavelengths were not found to vary significantly with pH, 
suggesting that excited state ionisation is occurring as previously described for hydroxy 
phenyl derivatives [Bridges et al., 1965]. The fluorescent characteristics of molecules 
which undergo excited state fluorescence differs from normal fluorescence in that 
ionisation occurs whilst the molecule is in the excited state, so that fluorescence occurs as 
the molecule returns to ground state [reviewed by Udenfriend, 1969]. The butyric acid 
derivative showed the most intense fluorescence, though not significantly greater than p- 
hydroxyphenyl acetic acid which had been previously described [Guilbault et at., 1968].
The use of the intensified CCD system described in this chapter for a range of 
luminescence based applications are discussed in Chapter 8.
- 198
Chapter 8
FURTHER APPLICATIONS OF LUMINESCENCE IMAGING
8.1 Introduction
This chapter briefly describes early investigations of the possible applications of 
luminescence imaging, using the IPD and cooled CCD detectors described in earlier 
chapters. Studies were conducted to investigate how these systems could be applied to, 
and make improvements in, the fields of tissue imaging, microscopic imaging, 2-D gel 
electrophoresis, and the early and rapid detection of analytes in biological specimens.
In Sections 8.2 to 8.5 descriptions are given of fuller investigations that were carried out in 
a later period using the intensified CCD (ICCD) detector described in Chapter 7. These 
include applications of luciferase reporter genes for molecular biology and microbiology, 
and DNA and protein analysis.
In the remainder of this Section 8.1 these earlier investigations are outlined (ref Hooper
1987).
8.1.1 Tissue imaging
The cooled CCD detector was evaluated for the quantitation of soluble or cell-bound 
antigens in irregular arrays of biological material. Monoclonal antibodies, directed at 
specific epitope sites in human tissue sections, can be detected either directly or using 
enzyme labelled second antibodies.
Preliminary studies were carried out with sections of human mammary gland tumours made 
available by Dr. R. King of the Imperial Cancer Research Fund (ICRF). A specific 
procedure had been developed at ICRF to estimate the levels of an antigen associated with 
the oestrogen receptor in mammary gland tumours [Coffer et a l, 1985; King et al. 1986]. 
This procedure involved incubating the tissue sections with a monoclonal antibody specific 
to the receptor related antigen. The binding of this monoclonal antibody was detected 
colorimetrically using a peroxidase-linked second antibody. The intensity and distribution 
of the colour development was observed using a microscope, and subsequently correlated 
to a clinically determined therapeutic index. These preliminary studies showed that this
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h M E R I D G E  CCD SYSTEM
Figure 8.1.1 Image of luminescence from horseradish peroxidase:antibody labelled
oestrogen receptors in human mammary gland tumour. Light emission was 
activated by perfusing the sample with enhanced luminol substrate reagent. 
The image was obtained in a 5 minute integration using the cooled CCD 
system via a lens at a demagnification of approximately 2:1. This borderline 
negative sample shows low levels of light emission. This image is 
representative of those obtained from about 10 similar tissue sections.
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histochemical procedure could be adapted for luminescence detection. This involved using 
the enhanced chemiluminescence assay for horseradish peroxidase described in previous 
Chapters 4 and 5. Light emitted from tissue samples was imaged by the cooled CCD 
system, using a lens at approximately unit (1:1) magnification and stored in a computer; an 
example of an image is shown as Figure 8.1.1. The therapeutic index involved grading 
tissue specimens on a scale of 1 to 20, depending on the intensity and distribution of 
colour. A high score was given to samples with uniform, high intensity staining; 
borderline samples showed heterogeneous, low intensity staining; negative samples showed 
uniform low intensity staining. For these initial studies two sets of tissue sections were 
measured; the first set was five sections, one high, one medium, two low and a borderline 
negative and the second set of ten samples was of a similar range. These tissue sections 
were examined both with the colour and luminescence detection method. Preliminary 
results from the CCD images revealed a rough visual correlation of light intensity and 
distribution across the sample, comparable to the colour intensity and distribution relating 
to the therapeutic index. Quantitative analysis could thus in principle be performed using 
these images to determine the total light intensity and its general numerical distribution 
across the tissue sample and hence as the basis of a new therapeutic index. Computer- 
aided CCD imaging offers the potential for semi-quantitative analysis of light distribution 
and hence could assist in the assessment of clinical material for therapeutic and possibly 
even diagnostic applications.
8.1.2 Microscopic imaging
High resolution, large dynamic range and geometric stability are required for the 
quantitative analysis of biological structures at the microscopic level. The superior 
photometric performance of the CCD compared to the IPD, as discussed in Chapters 1-3, is 
particularly suited to this application. It can be applied to the analysis of transmission, 
dark field, and fluorescence microscopy [Hiraoka et a l, 1987]. An application test for the 
detection of chlamydia was evaluated. Chlamydia elementary bodies, labelled with 
fluorescein, were imaged using the CCD mounted on an inverted fluorescence microscope 
(Hooper, 1987) at 32x magnification. An example of these microscope images is shown in 
Figure 8.1.2, where the elementary bodies appear as intense spots on a dark background. 
Quantitative analysis of the elementary bodies was assessed with a view to developing a 
diagnostic test for chlamydia using enzyme labelled monoclonal antibodies.
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Figure 8.1.2 Photograph of colour image of fluorescence emission from fluorescein 
labelled chlamydia elementary bodies, obtained using the cooled CCD 
system mounted on a fluorescence microscope at 32x magnification. The 
fluorescence emission appears as bright spots on a dark background.
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8.1.3 2-D gel electrophoresis
Researchers are currently developing methods that will potentially reduce the processing 
time for two-dimensional electrophoresis from 3-4 days to less than 1 day [Jackson et a l,
1988]. Proteins from biological samples run in 2-D gels are currently visualized using 
stains such as coomassie blue, or silver nitrate. Semi-quantitative analysis is achieved 
using densitometry.
The CCD system may be applied to the accurate quantitation and mapping of 2-D gels . 
ProteinÀ)labelled with fluorescent dyes (e.g. ethidium bromide), are separated by 2-D 
electrophoresis and detected by the CCD using UV-induced fluorescence [Sutherland et ah, 
1987; Jackson et ah, 1988]. The proteinAappear as bright spots on a dark background. 
Quantitative analysis and mapping could be carried out on the stored images. Advantages 
of this direct measurement strategy are that the gels do not have to be unpacked, and 
removed from the gel apparatus after electrophoresis, and potentially may be imaged and 
measured directly. This could allow the thickness of the gels to be reduced and hence 
cooling made more effective allowing the use of high power for faster runs, whilst 
maintaining resolution. However, such apparatus would have to be adapted to allow UV 
illumination for fluorescent samples such as proteins in gels. CCD imaging applied to the 
quantitative analysis and mapping of gels in two-dimensional gel electrophoresis will 
extend the application of this method (both fluorescence and luminescence labels or 
procedures) as a diagnostic tool.
Sections 8.4 and 8.5 show how image detection and analysis techniques were developed for 
the measurement of luminescent gels, DNA dot blots and Western blots.
8.1.4 Rapid analysis techniques
Studies were reported in Chapters 4, 5 and 6 which demonstrated the advantage of array 
detectors in the rapid and simultaneous detection of multiple luminescent assays.
The IPD has been used to estimate the ATP content of up to 64 samples simultaneously 
(Chapter 4). The greater pixel density of the CCD offers the potential of imaging as many 
as 1000 assays simultaneously in microplate type format. Both imaging systems are
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extremely sensitive and can detect of order 100 attomoles of ATP, in sample volumes as 
small as 5 pi. This is about one percent of the sample volume required in a conventional 
photomultiplier-based luminometer. The limit of sensitivity for this assay is in practice 
determined by the background level of ATP present in the sample or present in the 
luciferase preparation. Specific applications of this assay are in screening for bacteria and 
microbial contamination of food stuffs and water supplies. New techniques using 
luciferase reporter genes are now being developed for microbial detection. The bacterial 
luciferase reporter gene is used in the studies described further in Section 8.3 below.
Imaging systems offer yet further scope in the detection of immunological assays for 
infectious agents and analytes. Peroxidase-linked immunoassays of positive and negative 
herpes I and II, gonorrhoea and chlamydia have been imaged simultaneously in the same 
field of view (Chapter 5, Figure 5.6). The dynamic range and sensitivity of these assays 
was shown to be greatly improved over colorimetric determinations.
A rapid immunoassay for the hormone hCG using antibodies linked to latex microbeads 
has been developed using the CCD. Reagents and samples can be incubated 
simultaneously with typical assay times of about ten minutes. The latex assays are 
processed on the surface of a membrane, with unbound reagents being washed away under 
vacuum. A series of standard curves of hCG, ranging from 0 - 1 0 0  mlU/ml are illustrated 
in Chapter 7. Sensitivity below 5 mlU/ml hCG was achieved with a precision of 4-5%.
This rapid assay technique has been applied to the detection of HIV-I antibody in human 
serum. A CCD based immunoassay system could be used in blood banks for the rapid and 
sensitive detection of AIDS and hepatitis. The potential exists, therefore, to screen large 
numbers of samples in diagnostically related groups including hormones, cancer related 
markers and infectious agents. Further potentials for rapid analysis include drug screening, 
monoclonal antibody screening and the development of novel assay formats for rapid 
screening.
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8.2 Intensified CCD imaging of firefly luciferase reporter gene expression in single 
mammalian cells
8.2.1 Introduction
The potential application of intensified CCD imaging to the study of luciferase gene 
expression in mammalian cells has been demonstrated using a vaccinia virus recombinant 
[Hooper et al., 1990b]. The enzyme firefly luciferase had previously been cloned and the 
expression of the gene (lue) had been demonstrated in E.coli and in mammalian cells [De 
Wet 1985, 1986, 1987]. The recombinant virus had been constructed to contain the gene 
for firefly luciferase cloned into the thymidine kinase locus of the vaccinia genome by 
means of homologous recombination [Rodriquez et a l, 1988]. Luciferase expression in 
cells infected with this virus has been previously demonstrated using conventional 
photographic detection methods at 24 h after initial infection. The sensitivity and precision 
of the intensified CCD imaging system has been examined for the analysis of luciferase 
activity in mammalian cells infected with this vaccinia recombinant at a range of time 
intervals after infection. The imaging system used for this study was the BIQ Bioview 
described in Chapter 7.
8.2.2 Methods
For all experiments, monolayers of CV-1 cells (derived from African Green Monkey 
kidney) were sealed in 20 cm^ (50 mm diameter) plastic petri dishes. Each dish of 2 x 10^  
cells was infected with approximately 500 plaque-forming units of the luciferase-expressing 
vaccinia virus. Light detection was performed on a number of dishes at 6 h, 9 h, 12 h, and 
36 h after infection, by removal of the growth medium and addition of luciferase substrate 
solution, containing D-luciferin and ATP which are absorbed into the cells [De Wet et a l, 
1987].
8.2.3 Results and discussion
Figure 8.2.1(a) shows the image obtained from a 20 cm^ dish of cells which had been 
infected with recombinant virus for 9 hours. The dish was viewed using an f/1.8, 25 mm 
focal length lens. At this time after infection, the virus infection was confined to single
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Figure 8.2.1 Image of light emission from firefly luciferase activity in vaccinia: lue
(reporter gene) recombinant virus infected cell monolayer. Light emission 
was activated by the addition of D-luciferin and ATP substrate reagent. The 
sample petri dish was viewed using the intensified CCD system and 
demagnified onto the camera by a factor of 9.5:1 using a lens.
(a) 20 cm^ petri dish, viewed 12 hours post-infection (1 minute integration).
(b) Digital pixel values for two bright spots seen in box marked in (a).
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cells in which the virus genome was replicating before the onset of new virus particle 
production. The non-synchronous nature of the infection was indicated by the variation in 
intensity between the individual light-emitting cells. The digital pixel values for two bright 
spots corresponding to individual cells are shown in Figure 8.2.1(b). This lens imaging 
method allows a large area of cells in the petri dish to be visualised, in which low numbers 
of cells may be expressing the luciferase gene.
Direct (‘contact’) imaging of a small area of the infected cell monolayer (1.4 cm^) using 
the intensified CCD is shown in Figures 8.2.1(c)-(f). This was achieved by placing the 
petri dish directly onto a small fibre optic plate which in turn was placed onto the fibre 
optic input window of the camera. Figure 8.2.1(c) shows an image of recombinant infected 
cells which have been incubated for 36 hours post infection. Although a few cells can be 
distinguished, the image is mostly a result of plaque formation, where new virus particles 
are produced and released to infect surrounding cells. This is the time after infection when 
luciferase activity can be detected using high speed photographic film. Figure 8.2.1(d) 
shows cells infected with the recombinant virus after 9 hours where individual cells are 
easily detected. Variation in intensity between cells is the result of the non-synchronous 
virus infection and correlates with the expected levels of viral DNA replication and 
luciferase expression within these cells. Selection of individual light-emitting cells from a 
large population, without the problem of contamination from adjacent infected cells, should 
be relatively straightforward using this imaging detection method. Figure 8.2.1(e) 
illustrates the sensitivity of this method for the early detection of single foci of infection. 
Luciferase activity was analysed 6 hours after infection and even at this early time, when 
viral DNA replication has only just begun, distinct light-emitting cells are seen and are 
shown enlarged in Figure 8.2.1(f) using a zoom display function.
Lens imaging allowed the entire petri dish to be assessed in one viewing, and even two 
50mm dishes could be viewed together as shown in Figure 8.2.2. This figure shows a 
repeat of the assay seen in Figure 8.2.1, with consistent results. An advantage of viewing 
several dishes at once is that duplicate or control assays can be run together. The imaging 
is versatile and allows a variety of sample presentations including multi-well tissue culture 
plates or flasks. This study shows that single mammalian cells, infected with recombinant 
vaccinia virus expressing the luciferase gene, can be detected using intensified CCD 
imaging. The increased light gathering efficiency of ‘contact’ imaging allows luciferase
- 207 -
Chapter 8
mmmw:
P î i r ' "
Figure 8.2,1 As in (a) showing direct ‘contact’ imaging of small area of dish.
(c) 36 hours post-infection (30 second integration) showing plaque formation.
(d) 9 hours post-infection (1 minute integration) showing single infected cells.
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m
Figure 8.2.1 As in (a) showing direct ‘contact’ imaging of small area of dish.
(e) 6 hours post-infection (1 minute integration).
(f) Zoom display of (e) (top left) showing individual light-emitting cells.
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Figure 8.2.2 Image of firefly luciferase activity in cellular monolayers infected with 
vaccinia-recombinant virus (as in Figure 8.2.1). The image shows two 
dishes viewed together by the intensified CCD system using a lens.
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activity to be detected in cells at a very early stage of infection, when DNA replication had 
just begun. However, contact imaging with this optical arrangement of 1:1 magnification 
was necessarily limited to a small area of the petri dish (approximately 1.5cm^) and hence 
several readings were required to image the entire dish (20cm^). Improvements in the 
contact imaging approach could be achieved using a fibre optic taper, which demagnifies 
the light onto the camera input. Such a taper with, say, a 65 mm to 15 mm 
demagnification, would allow the whole petri dish to be contact imaged in one viewing. 
Tissue culture plates with 12 or 24 wells would be suited to current 1:1 direct contact 
imaging, where each well could be activated with substrate in turn prior to viewing with 
the camera. A further issue for cellular assays using reporter genes is the viability of the 
cells and in the case of luminescent imaging, the stability of light emission. The intensity 
of light emission and the localisation of light emission from the cells in these studies was 
seen to diminish some thirty minutes after removal of the culture medium prior to addition 
of substrate. It is thought that such cells have increased permeability and become leaky 
resulting in a loss of luciferase enzyme into the surrounding medium. Damage or loss of 
viability of the cells could affect their stability and growth when selected and cloned for 
further study. The method could be improved by keeping the cells in culture medium and 
a gassed incubator immediately prior to substrate activation.
This detection method offers a wide range of potential applications to the study of 
biological systems. Such a rapid and sensitive detection system would be particularly 
desirable for selecting mutants of viruses which grow slowly in vitro in tissue culture, such 
as human cytomegalovirus (CMV). This non-invasive imaging technique would enable 
single recombinant infected cells to be picked and plaque-purified in hours rather than days 
as is the case for many colour assays. The ability to see single cells at early times of 
infection would also minimize contamination with wild type parental virus. Virus deletion 
mutants which could be generated and selected in this way would provide valuable tools 
for researchers investigating the biological function of specific viral gene products. This 
method could be further applied to select virus deletion mutants into which the luciferase 
gene will be introduced at specific sites to disrupt desired genes. Such recombinant 
viruses, could constitute as little as 0.1% of the transfected cells, and need to be 
distinguished from wild type non-infected cells before being picked and cloned for further 
study. It is hoped in the future to link a cell collecting pipette system to the imaging 
matrix through computer software control to give improved precision for selecting cells.
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This direct imaging technique is simple and versatile and offers a rapid, non-invasive 
method for the sensitive detection of luciferase activity in single, luciferase-expressing 
cells. Firefly luciferase has recently been cloned [De Wet et al., 1987] and used as a 
reporter gene. However, this lue reporter gene technology has mainly been confined to 
specialist research groups and is only now becoming more readily available. Luciferase 
offers the potential of being more specific and selective compared with conventional 
methods which use chloramphenicol acetyltransferase (CAT gene) with colour or 
radioisotopic detection, or p-galactosidase (laeZ gene) which may be detected using colour 
or fluorescent substrates. These conventional reporter gene methods are convenient to use 
as markers although the colour substrates can be toxic and reduce the viability of cells for 
further cloning.
Wider application of this approach, using luminescence imaging for molecular and cellular 
biology can be envisaged. Rapid screening of cells co-transfected with luciferase as a 
selectable marker gene would allow easy selection of stable eukaryotic cell lines. This 
offers advantages both in vitro and in vivo for the analysis of gene expression and protein 
function.
8.3 Identification of luminous bacteria using luciferase reporter genes
8.3.1 Introduction
Intensified CCD imaging has been applied to the measurement of low light emission from 
luminous bacterial colonies growing in petri dishes. The luminous bacteria used were 
Escherichia coUA/ibrio harveyi (MAV) which were obtained from Professor S Ulitzer and 
Dr J Kuhn, Technion-Israel Institute of Technology, Haifa, Israel [Almashanu et al., 1990]. 
These genetically engineered bacteria express the bacterial luciferase lux gene. The 
luminescence from such bacterial colonies, when growing on petri dishes, is normally only 
seen after about 16-24 hours’ growth. Early and sensitive detection would allow single-cell 
derived colonies expressing the specific luciferase reporter gene to be identified and 
selected.
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8.3.2 Methods
The luminous E. coli were stored on Luria Agar (LA), containing ampicillin (AMP 50 
pg/ml), in a 90 mm petri dish. The stock culture was prepared by selecting a luminous 
colony from the stock plate. The light emission is activated by suspending a single drop of 
decanal (decyl aldehyde) on the inner side of the lid of the petri dish and observing by eye 
the resulting light emission. This colony was then grown overnight at 25°C in LB medium 
(Broth), to produce a viable stock culture. The stock culture was diluted in LB medium to 
yield a slightly turbid culture, which was subsequently shown from optical absorbance 
measurements to have ~10* cells/ml using optical density. The cells were washed by 
centrifugation in LB medium prior to dilution for plating studies.
A set of 5 dilutions (1:10) was prepared from the stock culture in LB medium, in the range 
10^  - 10^  cells/ml. Aliquots of 0.1 ml of each dilution were spread, with the aid of a glass 
rod, over LA plates containing AMP. The lowest dilution corresponded to approx 100 
cells/plate. For the initial study duplicate plates at each dilution were prepared and 
incubated at 25°C. The plates were imaged at various time intervals after plating. Light 
emission was initiated by suspending a single drop of decanal (long chain aldehyde) on the 
inner side of the petri dish lid. In some cases the same plate was imaged repeatedly to 
monitor the development of individual colonies. In other cases, plates were imaged only 
once to assess the possible effects of cooling and exposure to decanal on cell growth.
Images of the plates were recorded in real time on video tape and integrated images were 
stored on computer disc. The images were analyzed to measure the intensity and location 
of the luminous colonies at various time intervals. Comparisons were made between the 
computer images and visual appearance of the plates.
The first range of experiments were performed with various conditions to access the rate of 
growth and the onset and kinetics of light emission. A second set of experiments were 
carried out to observe in more detail the initial phase of rapid cell growth. The results 
indicated that this phase started some 4 hours after the initial plating.
The sensitivity of the imaging system for measuring small numbers of luminous bacteria 
was further assessed using direct ‘contact’ imaging, to improve the light gathering
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efficiency. The bacteria used for this second series of tests contained a more active auto­
inducer than those used in the first series. The onset of luciferase protein production with 
these new bacteria was at an earlier stage, less than one hour after incubation, and hence 
was expected to produce more light emission. Dilutions of these luminous bacteria were 
made in LB medium over the range 10^  to 10^  cells/ml. Small drops of the cell 
suspensions were placed onto a petri dish and measured directly using the intensified CCD 
system. The number of cells in each dilution was confirmed by counting in a chamber 
using a microscope.
8.3.3 Results and discussion
At dilutions corresponding to >10^ E. coli per plate, light emission was observed 
immediately after plating. Where the same plate was imaged after 0, 2 and 4 hours 
incubation, the light level was seen to fall after 2 hours and return close to the original 
level after 4 hours. After 4 hours the light emission rises rapidly. Figure 8.3.1 shows 3 
plates each having the same dilution of 10^  E. coli per plate after 0, 4 and 6 hours 
incubation at 25°C. The 6 hour plate was found to emit about a thousand times more light 
than either of the others.
The changes in early light emission, during the early stages of growth, are consistent with 
expected effects of plating. In particular there is an initial fall in light emission consistent 
with the expected changes in the intracellular concentrations of active metabolites (e.g. 
FMN, NADH) which are required for the luciferase light emitting reaction. These changes 
in light emission are clearly seen and measured using sensitive low-light imaging.
The requirement for an external supply of decanal made it desirable to image the colonies 
with the lid of the petri dish in place. Condensation of water and decanal on the inside 
surface of the lid was observed to degrade image quality. Imaging the plate directly 
resulted in a much sharper image. However the light emission decayed rapidly over a 
period of minutes after the removal of the lid. The real-time capability of the camera 
system was useful in monitoring the fall in light emission and to obtain good images at 
reduced light levels. The sensitivity, variable gain and large dynamic range of the 
instrument allowed images to be obtained over a range of light levels, both for very bright 
colonies as well as for faint cells.
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Figure 8.3.1 Image of light emitted from 10^  E.coli plated onto Luria Agar in 90 mm
petri dish. Each figure shows the light emission integrated for about 40 
seconds using the BIQ system. The 3 different dishes are shown as 3 
separate images.
(a) Dish viewed immediately after plating, showing many dispersed faint points
of light.
(b) Dish viewed after 4 hours incubation, showing higher light emission.
(c) Dish viewed after 6 hours incubation, showing strong light emission.
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Figures 8.3.2(a)-(c), show a series of images obtained with a plate prepared with the lowest 
dilution of 10^  E. coli per plate. Figures 8.3.2(a) and (b) correspond to 8 and 10 hour 
incubations respectively. The images are photon integrations obtained over 40 seconds. 
Figure 8.3.2(c), is the result of overnight incubation where the colonies are much brighter. 
The camera was adjusted with a potentiometer to a lower gain, approximately 10% of the 
normal operating level, to accommodate this bright sample. Figure 8.3.2(a) shows the 
plate after 8 hours incubation. Colonies are clearly seen on the image and there is a 
considerable variation in the intensities from different colonies. It is likely that some of 
the fainter colonies had only just started to luminesce. At this stage the colonies were 
barely discernable to the naked eye. Figure 8.3.2(b) shows the plate after 10 hours 
incubation. Light emission from colonies was stronger and more uniform and a few extra 
colonies had become visible. The colonies were marked by hand on the base of the plate 
between the 8 and 10 hour readings. A total of 115 colonies were recorded and of these 
86 were observed to be luminescent at 8 hours, and 100 at 10 hours after plating.
Figure 8.3.2(c) shows the plate after overnight incubation. Extensive plaque formation was 
observed with annular rings of light emission at the peripheries of the colonies.
Figure 8.3.2(d) is a software-computed superposition of the images obtained after 10 hour 
and overnight incubation (Figures 8.3.2(b) and (c)). There were 4 luminous overnight 
colonies which were not observed at 10 hours. Of these 4 colonies, 2 were identified in 
the manual spotting between 8 and 10 hours. A further 3 colonies spotted manually were 
not seen to luminesce on either the 10 hour or overnight examinations.
A further approach with imaging was to obtain an optical image of the colonies on the 
plate using a light source. This image shows the physical structure of the plate and 
colonies and may be compared with the luminescence images using the computer clearly to 
identify the location of the individual luminescent colonies. This allows the selection of 
luminescent colonies at an early stage of growth when they are not yet contaminated with 
non-luminous parental cells.
Low light imaging is capable of detecting very faint luminescence from bacterial cells 
expressing the lux gene. This imaging technique is necessary for the early detection of 
growing colonies of luminous bacteria composed of only a few tens of cells. The use of 
direct ‘contact’ imaging allowed the detection of very small numbers of cells in suspension 
in culture medium. In Figure 8.3.3(a) the imaging arrangement is shown and in (b) the
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Figure 8.3.2 Image of light emission from 10^  E.coli inoculated onto Luria agar in a 90 
mm petri dish. Figures (a) and (b) show light emission integrated for 40 
seconds using the BIQ system. Figure (c) shows an image viewed at lower 
camera gain to accommodate this much brighter sample.
(a) Dish viewed after 8 hours incubation at 25°C.
(b) Dish viewed after 10 hours incubation at 25°C.
(c) Dish viewed after overnight incubation at 25°C.
(d) Computer software superposition of (b) and (c), (10 hour image seen as red).
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Figure 8.3.3 Image of light emission from lOj-tl drops of LA medium containing
approximately 10 luminous E.coli, measured using direct ‘contact’ imaging.
(a) A schematic showing the ‘contact’ imaging sample presentation.
(b) An image of light emission obtained for a 5 minute integration. The light is
more concentrated at the edges of the drops as a result of total internal 
reflection
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image obtained by contact imaging of small 10|il drops of the luminous bacteria in a petri 
dish is shown. The light emission is seen as an annular ring, due to the internal reflection 
effects within the droplet. Larger 100|il drops were measured using lens imaging as a 
comparison, as seen in the image in Figure 8.3.4(a), with a detection limit of a few 
hundred cells. The image obtained using contact imaging of small drops containing 10^  
cells is shown in Figure 8.3.4(b), where the light emission from the drop is clearly seen.
The sensitive ‘contact’ imaging offers the potential to measure small numbers of luminous 
bacteria and could be applied to new methods for microbial detection.
The use of imaging for detection of luminescent bacteria expressing the bacterial luciferase 
gene has application for the food industry and for water testing. This technique may be 
used to identify specific bacteria in food products, eg E. coli or Listeria, where only a few 
target light emitting cells have to be identified amongst a large number of non light- 
emitting cells. Whilst the samples still require processing before analysis, these new 
methods offer improvements in speed, sensitivity and specificity, with results potentially 
being obtained in hours rather than the several days required for conventional culture 
techniques [Stewart et ah, 1989,1992; Jassim et a l, 1990]. Such an approach could 
involve a short culture period (a few hours) followed by selection of small colonies or 
samples for further analysis. However, luciferase- expressing colonies generally have to be 
incubated at temperatures below 30°C because the enzyme is unstable at temperatures 
above 25-30°C, where it breaks down into its monomeric non-active form. Difficulties still 
arise from sample selection and preparation, in order to examine and identify low levels of 
contaminating bacteria in large samples such as processed food or water.
The use of luciferase reporter genes is expected to give more specific and selective results 
for bacterial identification than the crude estimation of biomass from ATP levels using 
luminescent methods. A further suitable application of this technology is the imaging of 
membranes used to filter large volumes of water or liquids such as for water analysis or in 
the brewing industry.
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Figure 8.3.4
(a) Image of light emission from six 100 |il drops of LA medium containing luminous 
E.coli. The drops were in a 90 mm petri dish and viewed by the ICCD system via 
a lens. The serial dilutions ranged from 10^  cells (yellow drop) to 10 cells per 
drop.
(b) Image of light emission from a smaller (lOp.1) drop containing 10^  cells, measured 
using ‘contact’ imaging (as described in Figure 8.3.3). The sensitivity of this 
‘contact’ imaging method may be assessed by comparing with the lens image in 
Figure (a) where a larger volume of the same dilution is required for detection.
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8.4 Measurement and analysis of chemiluminescent protein and DNA blots using 
photon imaging with an intensified CCD camera
8.4.1 Introduction
Chemiluminescent procedures based on alkaline phosphatase and horseradish peroxidase 
labels have recently been developed for DNA and Western blot systems [Bronstein et al., 
1990; Carlson, et al., 1990; Durrant et a l ,  1990; Proudfoot et al., 1990]. These labels may 
be linked to a variety of probes including streptavidin and biotinylated DNA, monoclonal 
and polyclonal antibodies. These procedures are very sensitive and convenient to use 
compared with existing radiolabelled systems which require exposing photographic film 
and have the difficulties associated with handling radioisotopes. Chemiluminescent DNA 
and protein blots have previously been visualised and detected using high speed film such 
as Polaroid 40,000 ASA or equivalent [Bronstein et ah, 1990].
CCD based imaging systems have been applied during this project to the visualisation and 
analysis of DNA hybridisation dot blots and sequencing gels using alkaline phosphatase 
labels, and Western blot detection of a specific oncogene protein using horseradish 
peroxidase and enhanced chemiluminescence [Hooper et al., 1991,1993; Lloyd Jones et al.,
1991].
The use of this intensified CCD imaging system for the quantitative measurement and 
analysis of DNA hybridisation dot blots using alkaline phosphatase labels is now described 
in the following subsections 8.4.2 to 8.4.4. A further preliminary evaluation of this 
technique for DNA sequencing is described in subsection 8.4.5. These alkaline 
phosphatase labels were linked to streptavidin and used to probe biotinylated pBR322 DNA 
samples on membranes. A chemiluminescent substrate for alkaline phosphatase (AMPPD) 
was used to produce light emission. A number of issues relevant to the quantitative 
analysis of these assays are discussed including the kinetics and range of light emission 
intensity, assay and membrane backgrounds, and instrument calibration.
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8.4.2 Methods for alkaline phosphatase labelled DNA dot blots
Samples of dot blots of immobilised DNA targets were obtained from Tropix Inc (Bedford, 
MA, USA). These blots contained serial dilutions (1:2) of biotinylated pBR322 DNA 35 
mer (from Synthetic Genetics), spotted onto strips of nylon membrane. For the initial set 
of tests the DNA dilutions ranged from 200pg to 1.56pg. For the second set of tests the 
DNA per spot ranged from 73 pg to 0.073 pg, see Table 8.4.1. The substrate solution 
contained 0.25 mM AMPPD in 0.1 M diethanolamine, 1 mM MgCl2, 0.02% sodium azide, 
pH 10.
The dot blot membranes were prepared with DNA samples blocked with I-lite blocking 
reagent to reduce background due to non-specific protein binding and incubated with 
alkaline phosphatase labelled streptavidin according to the manufacturer’s protocols 
[Bronstein et al., 1990]. They were washed and sealed in plastic bags containing storage 
buffer prior to use. Light emission from the membranes was activated by removing excess 
buffer and adding the solution of AMPPD substrate described above. After activation, the 
membranes were resealed in the plastic bags and presented to the imaging detector.
8.4.3 Image capture and quantitative analysis
Digital images of the light emission from the blots were obtained using the BIQ Bioview 
luminescence imaging system described in Chapter 7. A range of analytical techniques 
was developed during the course of this project for the measurement and analysis of the 
light emission from the dot blots. Software was designed to allow regions of an image 
corresponding to each sample spot to be measured. The light emission from each spot was 
quantified by defining a circular zone of fixed size centred on the spot and summing the 
total number of photon counts from the pixels within the zone. The software allowed 
zones to be of variable size (number of pixels) and either circular or rectangular. The total 
number of photon counts was reported as detected photons/mmVsecond. The software 
allowed for semi-automatic positioning of groups of zones, corresponding to a series of 
spots. The start and end point of a given column of spots could be indicated using a 
cursor to define the x, y coordinates and the software would then interpolate the required 
number of zones and optimize their positions. This automatic positioning of zones used an 
algorithm which maximized the light emission in each zone but prevented the adjustments
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of zone positions from becoming too large. The automatic defining of zone positions is an 
aid to the rapid analysis of dot blots as manual spotting is often non-uniform.
The total photon counts obtained for each zone were corrected by subtracting dark field 
noise and by scaling out response variations across the field of view (flat field correction). 
A further correction for membrane background was made using control zones positioned on 
regions of the image to one side of the DNA spots. The final spot values were corrected 
by subtraction of a membrane background calculated from these control zone values.
8.4.4 Results and discussion of DNA dot blots
An initial series of experiments was carried out with strips of dot blots. The luminescent 
blots could be detected immediately after substrate addition. A significant increase in light 
emission was measured after 16 hours. Figure 8.4.1 shows the result of a 2 minute 
integration to the light emission 16 hours after activation with substrate. Seven spots are 
visible on the images of the blot corresponding to detection over the range of 200pg down 
to 3.1pg of DNA. Significant background light emission was seen from the membrane as a 
whole, which limits the detection of fainter spots. A histogram analysis showing the 
intensity of light emission in a horizontal section through the spots is shown in 
Figure 8.4.2. Figure 8.4.2(a) shows evidence for the eighth spot (corresponding to 128 fg 
DNA) as a small peak above the membrane background. This peak is seen more clearly in 
Figure 8.4.2(b) where the light intensity is rescaled to emphasize the fainter regions.
A second series of experiments was carried out to evaluate the sensitivity for detection of 
pBR322 DNA using improved blocking reagents to reduce non-specific binding and 
modified substrate reagents provided by Tropix Inc. These dot blots contained two 
columns of serially diluted pBR322 DNA which was biotinylated with biotin-11-dUTP 
using a nick translation procedure [Bronstein et al., 1990]. The series of dilutions was 
over the range 73 pg to 0.073 pg DNA. The blots were activated with substrate as 
described above and presented to the imaging detector for a series of measurements over a 
period of 24 hours. These measurements were obtained at the following times after 
substrate addition: 5, 30, 85, 130, 190, 265 minutes and overnight (16 hours).
Images of the dot blots were acquired immediately after substrate addition, then at
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Figure 8.4.1 Images of luminescent DNA dot blots obtained using the intensified CCD 
system. The blot was a strip of nylon membrane spotted with several 1:2 
dilutions of biotinylated pBR322 DNA, detected using alkaline phosphatase 
labelled streptavidin and AMPPD substrate reagent. The first spot in the
series (seen on the right) contained 200 pg of target DNA.
(a) Image of membrane obtained 16 hours after activation with substrate using a
2 minute integration. Light intensity is represented as shades of grey.
(b) As (a), with light intensity represented in false colour.
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Figure 8.4.2 Analysis of image shown in Figure 8.4.1, represented as a histogram of pixel
values in a horizontal section (10 pixels wide) through the spots on the 
images.
(a) Histogram scaled to brightest spots. The first 8 dilutions are clearly seen 
above the membrane background. The brightest 2 dilutions show evidence 
of instrument saturation.
(b) The same histogram as in Figure (a) but shown on an exaggerated scale to 
emphasize the lower DNA levels.
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approximately 1 hour intervals and overnight. A sequence of four of the images obtained 
after 5, 30, 85 and 130 minutes is shown in Figures 8.4.3(a)-(d). The increase in light 
emission with time is evident, the first 7 spots being visible after 5 minutes (Figure 
8.4.3(a)) whereas 12 spots are visible in the later image (Figure 8.4.3(d)). The membrane 
itself is visible above the detector background after 4 hours. Figure 8.4.4 illustrates the 
zone analysis as applied to the image obtained 265 minutes after substrate addition. The 
zones corresponding to the area of the spot are shown as black regions. Additional control 
zones were analysed to monitor changes in membrane background. The measured light 
emission from these control zones was found to be significant and to increase with time.
As shown in Table 8.4.1 the measured light levels are reported within the range 0.2 to 378 
photons/mm^/sec. One should note that this corresponds to a range of 1,800 - 3,400,000 
detected photons/spot/integration period of 5 minutes, upon which statistical errors are 
based. The dynamic range of light emission, -2,000, for these measurements is roughly 2 - 
5 times greater than can be achieved with film for a single exposure. An example of a 
Polaroid exposure for a dot blot assay is shown in Figure 8.4.5. The relative sizes of the 
spots are the same in both the digital and film images. This reflects the underlying 
distribution of light emission from the enzyme and substrate complex on the membrane and 
is not a result of defects in either imaging detector. Quantitative analysis required 
corrections for instrument background and flat field variations. These corrections were 
flexible and could be computed for any zone in the image using stored calibration images.
Figures 8.4.6(a) and (b) show graphs of the evolution of the measured light emission for 
each DNA spot over 4 hours. The light emission is seen to increase with time as expected, 
being roughly linear for the first 2 hours and thereafter the rate of increase being less. The 
measured membrane background emission is also shown in Figure 8.4.6(b) and is seen to 
increase at a similar rate to the signal from the DNA spots. Figures 8.4.6(c) and (d) show 
the same kinetic series for the DNA spots as Figures 8.4.6(a) and (b) but with the 
measured membrane backgrounds subtracted. The membrane background signal is small as 
compared to the signals seen for the bright spots (Figure 8.4.6(a)) and hence the effect of 
this correction is small. However the correction, when applied to the lower spots in the 
series is important and its effect can be clearly seen by comparing 8.4.6 (b) and 8.4.6 (d). 
The graphs of the background subtracted data show a more linear increase of light 
emission with time. The change in light emission with time of the membrane background 
shows an initial rise followed by a levelling off.
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Figure 8.4.3 Photographs of 4 images of a DNA dot blot containing 2 columns of serially 
diluted biotinylated pBR322 DNA detected using avidin linked alkaline 
phosphatase. The series of dilutions ranged from 73 pg to 73 fg DNA. 
Images were obtained with an intensified CCD imaging system, using a 5 
minute integration period, at the following intervals after substrate addition;
(a) 5 minutes, (b) 30 minutes, (c) 85 minutes, (d) 130 minutes.
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Figure 8.4.4 As Figure 8.4.3 for a 10 minute image, obtained 265 minutes after substrate 
addition. Zones used for quantitative analysis are superimposed as black 
circles. An example of a control zone used to monitor membrane 
background is shown at the bottom right of the column of 12 DNA zones.
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Table 8.4.1 Corrected values for zones centred on first column of dot blot.
Chapter 8
Sample
Amount 
of DNA
(pg)
Time of Reading
5
min
30
min
85
min
130
min
190
min
265
min
Dot 1 73 20.5 67.3 186.7 260.7 340.6 377.8
Dot 2 36.5 4.9 38.6 121.3 175.7 243.2 281.8
Dot 3 18.2 1.4 18.7 76.7 95.4 137.9 162.6
Dot 4 9.1 0.6 5.9 23.3 38.2 59.4 79.0
Dot 5 --- 0.3 3.4 12.4 19.0 28.4 36.5
Dot 6 4.5 0.2 2.8 11.0 18.4 28.3 37.1
Dot 7 2.25 0 1.8 6.7 10.6 16.8 21.2
Dot 8 1.12 0 1.4 4.5 6.9 10.6 13.7
Dot 9 0.55 0 0.6 2.5 3.8 6.2 8.5
Dot 10 0.26 0 0 0.7 1.5 2.3 3.2
Dot 11 0.135 0 0 0.4 0.7 1.2 1.5
Dot 12 0.073 0 0 0 0.3 0.7 0.7
The dilution in dot 5 was duplicated as dot 6 and hence these two spots are the same 
dilution.
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a u  A
Figure 8.4.5 Polaroid photograph of a DNA dot blot for an assay similar to that shown in 
Figures 8.4.3 and 8.4.4.
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Figure 8.4.6 Graphs showing kinetic sequence of light emission for the left column of
DNA spots seen in Figures 8.4.3 and 8.4.4. Readings were taken at intervals 
of 5, 30, 85, 130, 190 and 265 minutes after substrate addition. The values 
reported (photon counts) were detected photons per mm^ per second, based 
on averages over circular zones 10 pixels in diameter (seen in Figure 8.4.4). 
The DNA spots range from 73pg (spot 1) to 0.073pg (spot 12). Note the 5th 
spot is a duplicate of the 4th and is not shown, (a) light emission for spots 
1, 2, 3, 4, 6 and 7. (b) light emission for spots 8, 9, 10, 11 and 12. The 
membrane background measured using the control zone similar to that seen 
is Figure 8.4.4 is also shown, (c) and (d) are the same as (a) and (b) but 
with membrane backgrounds subtracted.
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In Figures 8.4.7(a) and (b) the standard curves for light emission from the series of DNA 
dilutions above are presented. The corrected values for the DNA concentrations are 
consistent with the series of factor-of-two dilutions applied to the dot blots. This is 
illustrated by the straight lines drawn on Figures 8.4.7(a) and (b) having slopes 
corresponding to the dilution factor applied. Although the background subtracted data 
show departures from these straight lines at lower DNA values these deviations are seen to 
disappear with the background subtracted data in Figure 8.4.7(b), though it should be 
remarked that the points deviate from the lines more than required by statistical error 
because of systematic effects. These systematic effects are evidence for saturation at the 
highest concentrations of DNA in the data as seen in the 265 minute readings, where the 
signal reported for spot 1 falls below the line. This is mainly due to substrate depletion at 
high enzyme concentrations. A similar effect can be found in the 190 and 130 minute 
data. However, at 5 and 30 minutes, the points lie below their respective lines at lower 
concentrations. At these early times after substrate addition the enzyme has not reached 
the threshold of activation. Finally, the points in general scatter about the respective lines 
more than statistical errors (with error bars roughly the size of the symbols themselves) 
would suggest, presumably due to inherent assay protocol imprécisions.
8.4.5 Summary
The above results show that photon imaging may be applied to the quantitative analysis of 
light emission from luminescent DNA dot blots. This technique offers a rapid and simple 
method for measuring the evolution of light emission with time, over minutes or over 
several hours. To achieve quantitative results it was found necessary to apply various 
corrections: those to the instrument itself including calibration, flat fielding and noise 
subtraction; and corrections for assay backgrounds, ie subtraction of the signal from the 
membrane. The corrections for assay or membrane background are variable however, and 
change with time after substrate addition. Several background regions should be monitored 
to take into account variation in membrane background and potential light piping and 
spreading associated with bright spots.
The detection limit for quantitative analysis was found to be at the level of 70 fg DNA 
using this assay system. Further improvements in the detection sensitivity could be 
achieved by reducing the assay background, as the imaging detector has a sensitivity of at
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Figure 8.4.7 Standard curves for the light emission for the series of DNA dot blot
measurements shown in Figures 8.4.4 and 8.4.5 and in Table 8.4.1. The 
straight lines correspond to the factor of 2 dilution sequence of the DNA on 
the blot, (a) and (b) show the data before and after correction for membrane 
background subtraction.
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least an order of magnitude in light detection below the level of membrane background. 
Improvements in the sensitivity of this assay can be obtained by more efficient membrane 
blocking to reduce assay background due to non-specific binding of streptavidin alkaline 
phosphatase or by the use of direct conjugates of alkaline phosphatase to DNA [Tizard et 
a i ,  1990, Cate et a l ,  1991]. Such systems could give higher signals and lower 
backgrounds and hence improve sensitivity.
8.5 Luminescent DNA gels
A further application of the imaging methods described here is to measure light emission 
directly from DNA or from proteins labelled within the electrophoretic gel itself, rather 
than after blotting transfer onto a membrane. This detection method has been 
demonstrated with chemiluminescent labelled bands of DNA in an agarose gel as described 
here.
8.5.1 Methods
Four DNA gel samples were kindly provided by SymBiotech Inc., USA. These samples 
were biotinylated Hind DI digests of Lambda DNA separated in 0.8% agarose gels 
[Maniatis et al., 1982], which were subsequently labelled with streptavidin-horseradish 
peroxidase [Casperson et a l ,  1991]. The gels which were packaged in sealed bags 
containing transport buffer were opened and drained before addition of substrate. Light 
emission from these gels was activated by the addition of a small volume of enhanced 
luminol substrate which was provided by SymBiotech, to a small dish containing the gel. 
The four gels were activated one at a time and each gel was then placed immediately into 
the intensified CCD imaging system (see Chapter 7.2) for measurement.
Light emission from the sample gels was measured over various integration times (2 mins, 
5 mins, 10 mins) spanning typically 30 minutes for each gel. Initial experiments on the 
four sample gels are described here including the analysis techniques for measuring and 
quantifying the light emission from the bands.
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8.5.2 Results and discussion
The images presented in the figures shown here are either in monochrome (reverse video) 
or in false colour to enhance contrast. A sequence of images was taken for the first gel 
over 20 minutes. Figures 8.5.1(a) and (b) show the images obtained 2 minutes and 6 
minutes after addition of substrate. In Figure 8.5.1(a) six bands are visible in lane 2 (0.29 
ng DNA loaded) and four bands in lane 4 (0.07 ng DNA loaded). Figure 8.5.1(c) is a 
zoomed version of (a) and shows the overlay of a cross-section (10 pixels wide) through 
lane 2. The histogram corresponding to this section is shown in Figure 8.5.1(d) as an 
example of the analysis techniques available with the imaging system. The height and the 
area of the peaks corresponds to the intensity of light emission.
Figure 8.5.2(a) shows an image of 10 minutes integration of another gel, gel 3, 2 minutes 
after activation. The image is presented in monochrome using reverse video, where the 
bright bands are seen as dark bands in the picture. An enlarged region of this image is 
shown in false colour in Figure 8.5.2(b). A number of bands are visible in lanes 3, 5 and 7 
corresponding to 1.17, 0.29 and 0.04 ng of DNA loaded onto these respective lanes.
Figure 8.5.2(c) the overlay of a cross-section (10 pixels wide) through lane 3, and is seen 
as a histogram in Figure 8.5.3. The peaks corresponding to the bands are clearly visible in 
this histogram. The relative positions and intensities of the most of the peaks in this 
histogram correspond reasonably well to the histogram analysis seen in the previous gel of 
Figure 8.5.1(d). Quantitative analysis of the light emission from the bands in these images 
is shown in Table 8.5.1. The pixel regions used to define the bands are shown as black 
rectangles in Figure 8.5.2(d). The ratio of light emission for corresponding bands in the 
three lanes is 1:3.6:19 for band 1, and 1:2.9:29 for band 4, as shown in Table 8.5.1. The 
nominal dilutions of DNA loaded on the gel in these lanes (1.17, 0.29 and 0.04ng DNA) 
were in a ratio 1:4:30.
Light emission from all the gels was readily observed and quantified and the kinetics of the 
light emission was also measured with BIQ Bioview. The light emission was seen to 
increase in the first 2 to 3 minutes after addition of substrate and thereafter to decrease, 
falling to approximately 30% of the peak value after 5 minutes and to less than 10% after 
20 minutes. Amounts of DNA down to levels of 0.04 ng per lane were measured and 
quantitative results obtained, as seen in Table 8.5.1. The limit of detection was set by light
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Figure 8.5.1 Images of luminescent gel measured using the intensified CCD system. The
gel contained biotinylated DNA fragments which were labelled with 
streptavidin-linked horseradish peroxidase and activated using enhanced 
luminol substrate.
(a) 2 minute integration (2 minutes after addition of substrate), showing a series
of bands in the two lanes, lane 3 and lane 5 as indicated.
(b) 2 minute integration (6 minutes after addition of substrate), showing a
decrease in light emission from the bands.
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Figure 8.5.1 As image in (a).
(c) histogram of section 10 pixels wide through lane as shown and seen in (d)
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Figure 8.5.2 Images of second luminescent gel as described in Figure 8.5.1(a).
(a) 10 minutes integration time (2 minutes after substrate addition). This image
is shown in reverse monochrome, with bands visible in lanes 2, 4 and 6.
(b) zoomed display of bands seen in (a) shown in false colour.
(c) zoomed version of (a) showing overlay of section used for histogram in
OFigure 8.5.3.
(d) same as (b) with regions for quantitative analysis shown as black rectangles.
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Figure 8.5.3 Histogram of a cross-section (10 pixels wide) through lane 2 as seen in
Figure 8.5.2(c). The peaks of light emission from the DNA bands are clear, 
although the tops of the peaks appear flat. This is a limitation in the 
software for this cross-section analysis, which permits pixel values in the 
range 0-255 (8-bit). The underlying data in the image itself is at the level of 
16-bits (0-65535) and this data is used to calculate the results in Table 8.5.1.
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Table 8.5.1 Quantitative analysis of light emission from gel 3.
Light levels are reported as photons counts/mmVsec
Elapsed
Time*
(mins)
Integration
Period
(mins)
Band
6
Band
5
Band
4
Band
3
Band
2
Band
1
Amount of 
sample loaded
10
1.4 2.4 5.8
(1)
8.4
(1)
9.4
(1)
15.3
(1)
Lane 3 (1.17ng) 
(1)
2
0.0 0.2 2.0
(1/2.9)
3.8 2.6 4.2
(1/3.6)
Lane 5 (0.29ng) 
(1/40)
- - 0.2
(1/29)
0.4 0.7 0.8
(1/19)
Lane 7 (0.04ng) 
(1/29)
0.4 0.7 0.8 0.2 0.3 0.4 Lane 3 (1.17ng)
13 10
0.1 0.3 0.3 0.9 0.8 0.6 Lane 5 (0.29ng)
0.2 0.1 0.2 0.1 Lane 7 (0.04ng)
* Elapsed time is measured from the addition of substrate to the start of the 
integration period.
The numbers in brackets are the ratio of the light emission in the bands for lanes 5 and 7, relative 
to the values of the light emission in the bands for lane 3. Similar results were obtained from 2 
other gels for this assay.
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emission from the general matrix of the gel which could be seen clearly above the 
background of the detector.
This technique allowed visual inspection and full numerical analysis of DNA samples 
loaded and separated on agarose gels. The optimum analysis was obtained by 
measurements within 2 to 5 minutes after addition of substrate. Light emission was seen to 
fall rapidly in this set of tests after approximately 5 minutes after substrate addition.
These results may be compared with copies of high speed polaroid images of similar DNA 
gels provided by SymBiotech as shown in Figure 8.5.4. For the shorter 30 second film 
exposure shown on the left of the figure, the 1.0 ng DNA bands can be seen, although the 
0.004 ng bands though visible are less clear. For the 30 minute exposure seen on the right 
of the figure, bands corresponding to DNA levels of 0.008 ng are visible. However the 1.0 
and 5.0 ng bands show clear evidence for overload, which underlines the limited dynamic 
range of this film-based method. The images obtained with the intensified CCD system for 
a similar gel with a 10 minute exposure (Figure 8.5.2(a)) show that both the 1.0 ng and 
0.04 ng bands could be visualised and measured in the same image. Some deterioration 
and hence loss of sensitivity for these gels may have resulted from the fact that they were 
transported from overseas without the benefit of proper storage. Nonetheless the results 
from intensified CCD imaging showed some clear advantages over film-based detection 
methods. Film remains a low cost high resolution technique for detection of luminescence 
in gels and blots.
8.6 Discussion of measurement and analysis techniques of luminescence imaging
Low light imaging systems such as those described in this thesis can be operated in a 
number of image acquisition modes depending on the type of detector and available image 
processing hardware and software. These acquisition modes for real time cameras, such as 
the IPD and ICCD, include live display to monitor progress of image or assay, frame 
averaging for brighter samples, and photon integration or counting using specialised 
techniques. For the cooled CCD the operation involves integrating photons over a single 
exposure period, such as with film, to acquire an image. Photon counting is useful for 
improving the signal to noise ratio when imaging ultra low-light sources. Images of 
luminescent processes obtained using low-light imaging detectors can be stored in a digital 
frame store and analysed using a range of image processing and analysis techniques.
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Figure 8.5.4 Photocopy of polaroid photographs of luminescent DNA gel (similar to gel 
described in Figure 8.5.1) as provided by SymBiotech Inc.. A 30 second 
exposure is seen on the left and a 30 minute exposure on the right.
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General image processing and analysis techniques are described in a number of references 
[Gonzalez and Wintz, 1987; Bacus and Grace, 1987; Mize et a l ,  1988; Blackledge, 1989]. 
Such image analysis techniques are based on digital image processing and may be used to 
quantify luminescent processes using these low-light imaging detectors. Image processing 
and display operations may be applied to a stored image as a whole to allow detail at low 
contrast to be observed. Display operations, which cause the appearance of an image to 
change include false colour and grey scale contrast enhancement to show detail, and zoom 
display to magnify portions of the image. Text overlays are useful for annotation, such as 
titles and markers to identify regions and histograms or cross-sections. A simple visual 
inspection of images may be sufficient, such as for seeing colonies on a petri dish.
However more sophisticated numerical analysis of the underlying digital image data has 
been shown in this thesis to be necessary to achieve quantitative results. Quantitative 
analysis involves operations on individual pixels digital values, such as arithmetic flat-field 
corrections and background subtraction, as described in previous chapters. The application 
of image analysis techniques for quantitation of low light images is discussed below 
[Hooper and Ansorge, 1990a, 1991].
The format of the sample influences the final sensitivity and resolution of a measurement. 
For macro samples such as a microtitre plate, the positions of the light emitting regions 
corresponding to the wells are known and cover many pixels. Micro samples may be point 
sources of light at unknown positions covering a few or even only one pixel such as small 
numbers of luminescent colonies or light emitting cells on a petri dish. In the case of an 
MTP well only the background from the region of the well needs to be considered. In the 
case of a small colony, backgrounds from anywhere in the field of view might be mistaken 
for signals and since the number of these background pixels may be large, a statistical 
fluctuation of 5 or more standard deviations in a single pixel must be anticipated for a 
signal to be considered significant. The measurement and analysis techniques relevant to 
each application area may be summarised as follows:
Microtitre plate: The geometry of the wells of a microtitre plate are fixed and allows the 
analysis of the signal in each well to be performed routinely. Each well covers a large 
number of pixels (of order 600) and the signal in these pixels can be summed to give the 
total light emission or the average pixel value may be reported. The numerical results are 
given in units of photon flux, ie photons per unit area per unit time. The advantage of
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imaging for MTP measurement is the ability to measure the light emission from all 96 
wells simultaneously and also to permit rapid kinetic readings which are important for the 
development of luminescent assays. Standard controls and unknown samples can be run on 
the same plate and using curve fitting routines the results may be reported in units of assay 
analyte, as shown in Chapter 7. An imaging system viewing a microtitre plate through a 
lens, does have the disadvantage that the light from the comers of the wells are not fully 
seen due to lens vignetting and parallax effects. A further issue is whether the assay in the 
well is in solution or an antibody mediated assay, where the wells of the plate itself are the 
solid phase. This affects the profile of light emission from the wells. Additional 
corrections for these effects are required to normalise the numerical results and the specific 
corrections depend on the assay involved. The lens formula (described in Appendix F .l) 
shows that the efficiency for light gathering is affected by the distance of the detector from 
the sample. Thus for an imaging system measuring an entire MTP in one view, the 
efficiency is about 100 times less than for a photomultiplier detector in close proximity to 
a single well. However the imaging system is measuring all 96 wells continuously during 
the integration period, whereas the PMT has to move from well to well in the same period 
giving a much shorter reading time for each well, therefore the overall sensitivity of the 
two detection methods is similar. A comparison of the ICCD and an MTP luminometer 
using a photomultiplier tube, as seen in Chapter 7, Figure 7.9 for a luminescent microtitre 
plate assay gave a good correlation between the two instruments with similar sensitivity 
limits.
Cells on petri dishes: Bacterial colonies or mammalian cells expressing luminescent 
reporter genes may be visualised and measured. Luminescent colonies of bacteria eg E.coli, 
as shown in Figure 8.3.2, are seen as bright spots on a dark background. Contrast 
enhancement has been shown using simple threshold techniques to locate and manually 
count the colonies or cells and the light emission from those quantified, as seen in Section 
8.3. For more automated approaches feature extraction techniques based on pattern 
recognition would be required. These techniques are currently used in optical microscopy 
to identify structures in tissue sections and for cell counting. These are somewhat more 
difficult to implement on images from low light detectors which have noisier backgrounds 
and larger statistical fluctuations although such feature extraction has not been examined in 
detail in this thesis. The growth of the colonies or cells with time can be studied using 
image superposition to overlay images obtained at different times or to identify light
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emitting colonies amongst non-light emitting colonies. This is important for studies of 
reporter genes in bacterial colonies and cellular monolayers. Figure 8.2.1 shows an image 
of light emission from mammalian cells expressing the firefly luciferase reporter gene. The 
sensitivity of the photon imaging technique allowed the light emission to be measured at an 
early stage in single cells.
Blots and gels: Western and Southern blots can be measured and quantified using a range 
of analysis techniques including histograms, contrast enhancement to show features and 
numerical analysis of lanes and bands or dots of variable geometry. The histogram profile 
through the series of spots in Figure 8.4.1, as seen in Figure 8.4.2, clearly shows the range 
of light emission measured. Numerical analysis obtained by assigning a circular group of 
pixels associated with regions of interest in the dot blot seen in Figure 8.4.4 is shown in 
Table 8.4.1. A further potential for luminescent imaging is DNA sequencing. An example 
of a blot from a sequencing gel is shown in Figure 8.6.1. The resolution of the bands in 
this membrane is of order 0.5 mm at a demagnification of 10. An imaging system is 
typically capable of resolution at the level of 0.2 - 0.3 mm at this demagnification. The 
range of intensity of light emission from these blots is of order 10"^  or greater, which may 
be easily accommodated using the digital low-light imaging systems described here. Film 
has at best a dynamic range of a few hundred and therefore multiple exposures would be 
required to detect both bright and weak bands from these types of assays.
Multi-wavelength: Images of samples may be obtained at different wavelengths (eg dual 
wavelength fluorescence) and then analysed using image arithmetic (subtraction or ratio of 
images) or image overlay to compare and contrast images such as for luminescence or 
transmission. The rapid capture and storage of a sequence of images to monitor calcium 
fluxes in cells requires powerful processing for storage and subsequent analysis. Often up 
to 32 or 128 frames are captured over a few seconds with timings synchronized to the 
positioning of optical filters to provide images at different wavelengths, which need to be 
stored and subsequently analysed.
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Figure 8.6.1 Image of a blot from a sequencing gel obtained using the ICCD system.
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FINAL DISCUSSION
9.1 Summary
This thesis describes some new approaches which seek to address important objectives in 
biomedical research and medicine. These approaches utilise new luminescence methods to 
develop highly sensitive immunoassays and cellular assays, and employ low-light imaging 
systems to achieve improvements in a range of analytical techniques, both at the macro and 
micro levels. The work illustrates the potential for the application of these methods in 
attempting to understand the mechanism of cell control and function, and genetic and 
disease processes.
It is considered that these methods could be applied advantageously in many areas of pure 
research including the following: cell control and function, including DNA replication, 
transcription, gene function, intra-cellular signalling, protein function and modification of 
cell proteins and cell to cell signalling; elucidating the nature and mechanism of disease 
processes including cancer, viral and microbial infections, degenerative processes and 
inflammatory cell processes; and the human genome programme.
The applied research objectives would include the following: DNA and protein analysis 
(Southern and Western blotting), DNA fingerprinting, immunoassays and rapid screening 
assays, drug screening, toxicological testing, and microbiological testing (food and water).
Currently both these objectives, pure and applied, are met by a variety of methods based 
on the use of colour substrates or radioisotopic labels such as for immunoassays, DNA and 
protein analysis in gels and blots. Radioisotopic methods have a number of drawbacks 
being often complicated and slow and having the known storage, handling and disposal 
problems of the radioactive materials themselves. Colourimetric methods have the 
advantage of speed and simplicity and avoid many of the handling problems associated 
with radio-labels, although some of the colour substrates are toxic. Both colour and RIA 
methods have a limited dynamic range of about 1000, which is insufficient for many 
requirements.
These methods rely on either film, a variety of electronic devices such as photodiodes and
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photomultiplier tubes (scintillation counters and tube luminometers), or on colour imaging 
cameras as the detector. Whilst film allows detection in two-dimensions, has good spatial 
resolution and is reasonably inexpensive, it is also slow, even with high speed film, and 
requires a separate step for quantitation. Photodiodes and photomultiplier tubes are fast, 
have digital output and can have good dynamic range, but are not intrinsically two- 
dimensional imaging devices. Photomultipliers have greater sensitivity than photodiodes, 
but are too expensive to build into two-dimensional imaging arrays. Colour imaging 
systems use readily available vidicon and CCD cameras which can measure transmitted 
light either for macro samples on a light table, or mounted onto a microscope for 
visualising stained tissue sections or cells. Unfortunately these cameras are far too 
insensitive for the ultra low-light imaging requirements of chemiluminescence and 
bioluminescence and low-level fluorescence detection.
The fundamental new approach described in this thesis, as stated above, has been to utilise 
developments in luminescence methods and link them to advanced low-light imaging 
detectors previously used in physics research. It has been shown that this new imaging 
approach offers clear advantages over the use of conventional detectors as mentioned above 
in a number of areas. Thus in Chapters 1 to 5, the IPD and cooled CCD imaging systems 
have been described and their performance compared for quantitative analysis using a 
number of standard calibration sources. Their application for the quantitation of a range of 
luminescence assays for hormones and infectious diseases in microtitre plates and the 
application for small volume enzyme assays in microtubes is demonstrated. In Chapter 6 
the use of the cooled CCD in the development of a rapid and sensitive new luminescence 
immunoassay for the hormone hCG is described. In Chapter 7 a new intensified CCD 
imaging system is developed and assessed for its performance and applicability to a 
luminescence hormone immunoassay. The use of these advanced low-light imaging 
systems in a wider range of analytical problems and applications is described in Chapter 8, 
including tissue imaging, DNA and protein analysis in gels and blots and reporter gene 
analysis in bacterial cells and single mammalian cells.
In summarising the suitability and limitations of the advanced imaging detectors themselves 
for these applications, certain key features have already been identified in the summary 
sections of the earlier chapters. Thus in Chapter 1, it was concluded that the IPD system, 
though suitable from the point of view of sensitivity and real-time capability, suffered from
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severe limitations arising from electronic instabilities and camera gain variations which 
could not be fully compensated for in software. In Chapter 2, the strengths of the cooled 
CCD detector were established, namely its wide dynamic range, reproducibility and 
sensitivity, though lack of real-time display and the requirement for cryogenic cooling are 
practical disadvantages. In Chapters 3, 4 and 5, the clear superiority of the cooled CCD 
over the IPD was apparent in a number of applications tests, specifically because of 
dynamic range, linearity of response, sensitivity and overload characteristics. In Chapter 6 
the strengths of the cooled CCD were exploited to develop a new sensitive luminescent 
assay based on a multiple assay format. The new intensified CCD detector introduced and 
demonstrated in Chapter 7 combines the advantages of the cooled CCD with those of real­
time room temperature operation. More recent work with this device has demonstrated its 
ability to observe and quantify fainter sources compared to the cooled CCD over periods of 
observation up to about half an hour [Rushbrooke et al, 1993].
These performance characteristics of CCD based detectors linked to luminescence methods 
offer significant improvements to a wide range of routine determinations in cellular biology 
and medicine. They can potentially resolve individual photons and offer light detection at 
threshold levels previously unachievable with existing imaging cameras such as vidicon 
detectors. With these detectors image analysis techniques based on digital image 
processing may be applied to quantify luminescent processes [Hooper and Ansorge, 1991; 
Hooper et at., 1994]. These techniques offer new potentials for a range of biomedical 
applications from samples in a microtitre plate down to subcellular moieties.
9.2 Further and future applications of luminescence imaging
Quantitative and sensitive imaging of chemiluminescence, bioluminescence and 
fluorescence emissions is emerging as an increasingly important technique for a range of 
biomedical applications [Wick, 1989; Hooper and Ansorge, 1990a, 1991]. Applications of 
luminescence imaging are being developed in a range of fields including microbiology, 
molecular biology, clinical chemistry and cell biology.
Luminescent imaging may be applied to the rapid and simultaneous measurement of 
multiple assays via luminescence-based procedures. The potential exists to screen large 
numbers of clinical samples in diagnostically related groups including hormones, cancer
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related markers and infectious agents. Imaging offers high sensitivity and throughput for 
microtitre plate based methods including luminescent enzyme assays and immunoassays 
[Leaback and Hooper, 1987, Maley et al, 1989 and Leaback et al, 1989]. More than one 
microtitre plate may be imaged at once, and the flexibility of imaging detectors allows 
novel presentation formats to be measured. Thus new assay formats incorporating small 
and economical volumes of reagents, such as monoclonal antibodies, can be developed. 
Further applications for rapid screening can be envisaged, including drug screening, 
antibiotic susceptibility testing, reporter gene assays, gene probe assays and microbial 
testing using reporter genes. Rapid microbiology applications have been developed using 
the bacterial luciferase {lux A and lux B) reporter genes [Stewart et al. 1989, Almashanu et 
al., 1990, Stewart et al., 1990] and bacteriophages carrying the gene [Kodikara et al.,
1991].
The firefly luciferase gene {lue gene), which was first cloned by DeLuca and colleagues 
[De Wet et al., 1987] is being increasingly used as a marker or reporter gene in the 
analysis of gene expression and protein function. Applications which have been developed 
include monitoring viral infections, such as vaccinia virus in mammalian cells [Rodriguez 
et al. 1988, 1989] and in studies of gene regulation [Pazzagli et al. 1992, Brasier et al.,
1992]. Firefly luciferase gene expression has been measured in single mammalian cells 
using CCD based imaging [Hooper et al. 1990b, White et al. 1991]. Luciferase activity 
can be measured directly in intact cells, which can then be selected and cloned. The 
luciferin and ATP required for firefly luminescence is non-toxic compared with the colour 
substrates used for phosphatase and galactosidase reporters. This imaging technique offers 
a direct, rapid, non-invasive method for the sensitive detection of luciferase activity at an 
early stage of DNA replication. Methods such as these provide new tools, both selective 
and sensitive, in the fields of virology and molecular and cellular biology.
Luminescence imaging may be applied in the field of cellular luminescence to detect 
cellular metabolites. The production of reactive oxygen metabolites in neutrophils and 
monocytes (phagocytosis) is monitored, using chemiluminescent probes such as luminol or 
lucigenin, to investigate the pathogenesis of inflammatory diseases including rheumatoid 
arthritis [Campbell, 1989]. Imaging can also be applied to the measurement of important 
metabolites such as ATP, glucose and lactate in cells and tissue sections, such as energy
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metabolites in brain tumours [Paschen, 1987] and various animal organ tissues [Walenta et 
al., 1990, Meuller-Kleiser et al., 1991]. Alteration in the distribution of these metabolites 
may indicate a pathological disorder. The CCD used in conjunction with a microscope is 
particularly suited to the investigation of structures and events at the sub-cellular level and 
this has particular application for measuring intracellular calcium ion fluxes. Calcium ions 
have been measured using bioluminescent and fluorescent indicators including aequorin and 
fura-2 [Conner et al., 1987 and Campbell, 1988]. New genetically engineered 
bioluminescent markers using luciferase (lue gene), and photoproteins (phot gene) such as 
aequorin have recently been developed and are being applied to the measurement of cell 
function, in monitoring intra-cellular signalling and covalent modification of proteins in 
single cells [Kendall et al., 1992; Campbell et al., 1993]. These bioluminescent proteins 
are sensitive and specific markers which are extending the use of calcium as an indicator 
of cell function. It is believed that ultra low-light imaging will permit the visualisation and 
measurement of signalling processes, both at the cell level and within specific regions and 
organelles using these calcium activated photoproteins [Kendall et al., 1992 and Campbell 
et al., 1993].
Photon imaging offers quantitative analysis for luminescent protein and DNA blots. 
Chemiluminescent Western and Southern blotting systems are now available commercially 
in kit form using a range of luminescent labels, for protein blots, DNA dot blots, DNA 
sequencing and in-situ hybridisation. These methods use labels including horseradish 
peroxidase linked to the enhanced chemiluminescence substrate (ECL) [Durrant, 1990, 
Durrant et a l ,  1990; Pollard-Knight et al., 1990a], and alkaline phosphatase linked to 
dioxetane substrates (Lumiphos or AMPPD) [Bronstein et al., 1990; Pollard-Knight et al.', 
1990b; Tizard et al., 1990] and xanthine oxidase. Low-light imaging systems are being 
applied to the analysis of these assays where the dynamic range and sensitivity is 
improved, compared with film, and results are obtained directly [Hauber et al., 1989; 
Balaguer, 1989; Hooper and Ansorge, 1991; Chikhaoui et a l ,  1992]. Quantitative results 
can be obtained over three or four orders of magnitude, particularly as the membrane and 
assay background can be measured and corrected [Hooper et al., 1993]. Luminescent DNA 
sequencing blots may also be measured using imaging systems, although scanning of large 
blots may be necessary to improve resolution of bands [Karger et al., 1992].
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9.3 Future developments in low-light imaging
Ultra low-light imaging is a quantitative, precise, photon counting technique with a number 
of highly developed advanced instruments available. In the future we can expect 
improvements in camera components, such as improved image intensifiers and CCD’s. 
These cameras will possess better signal-to-noise ratios through higher gain and lower 
noise, higher spatial resolution and hence the ability to detect and measure smaller and 
fainter sources, down to the limits of detectability (the quantum limit). CCD’s are now 
becoming available with higher resolution such as 1024 x 1024 pixels, compared with 576 
X 385 for the cooled CCD described in this thesis. This is important for applications 
requiring high resolution, such as DNA sequencing and cellular assays. However, these 
high resolution CCD’s have relatively slow read-out, require large frame stores and 
specialised processing electronics and are therefore costly. Whereas 20 seconds was 
required to read out the cooled CCD described in this thesis, developments in CCD 
technology have led to lower noise performance that permits read-out of such CCD’s in 
less than 1 second. A further advance in pettier cooled devices down to -75°C is producing 
improvements in noise characteristics for these detectors, making them more suitable for 
luminescent applications. However, these systems are not as sensitive as liquid nitrogen 
cooled CCD’s, which can reach -195°C.
More powerful image processing and analysis will come through developments in 
electronics and computing technology. In particular, advances are being made in integrated 
circuits for digital signal processing (DSP’s and programmable gate arrays) which will 
allow high speed, on-line image processing. This offers the capability for more complex 
mathematical operations and analysis of images which can readily be adapted for 
specialised applications. Personal Computers (PC’s) have become much more powerful, 
with 486 processors which run at speeds at least 10 times faster than the 286 systems in 
use 3-5 years ago. Therefore imaging systems that used to require mainframe computers 
now can be operated using these PC’s. These advances in computing and electronics give 
improved processing power and performance together with lower cost, making imaging 
systems more available.
The advantages and disadvantages of quantitative photon imaging, when linked to highly 
sensitive luminescence and fluorescence methods, have been discussed at length in this
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thesis. The associated practical instruments will have to be further developed to achieve 
their overall performance requirements, particularly in the areas of cost and automation of 
sample presentation, if they are to enter widespread use. However, one can foresee a 
number of important developments and applications in the biosciences for which this 
technique is particularly suited. These include the use of luminescent reporter genes to 
identify processes of cell function, signalling and replication; in the human genome 
programme, the measurement of DNA hybridisation and sequencing assays, particularly 
when these assays are greatly miniaturised for rapid throughput and automation; and lastly, 
demonstrating the versatility and flexibility of the technique both at the micro and the 
macro level, the quantitation of low-level luminescence and fluorescence assays, where the 
range and choice of labels is more extensive, as an alternative to radioisotopic methods.
253 -
Appendix A
APPENDIX A SAMPLE PRESENTATION AND IMAGE DISPLAY
A .l Sample presentation - microtubes
The microtube sample presentation consisted of a small metal holder, approximately 5 cm 
X 5 cm, which contained a number of short lengths of microtubing supported in a series of 
grooves. This holder was developed to allow small volumes (5-10 |xl) of luminescent 
reagent to be presented to the IPD imaging detector. The reagent could be injected into the 
microtubes, whilst they were in the holder, by using a sterile syringe. Several versions of 
the holder were developed as the design of this sample presentation was optimised. The 
development of the microtube sample presentation is described further in Chapter 4, 
sections 4.3.1.1 and 4.4.1.
The microtube holders were made in the department of physics. University College,
London. The holders were made of aluminium which was anodised and then machined to 
contain 6 or 7 slots or grooves, into which nylon or polythene microtubes could be placed. 
The microtubes varied in external diameter from 0.5 to 1.5 mm. In the final version of the 
holder, shown in Figure A. 1(a), the microtubes were placed in narrow grooves (1.5 mm 
wide, 3 mm deep, 30 mm long and with a 1.5 mm wide barrier between the grooves). The 
microtubes were glued in place at each end and held under tension by means of a spring 
mechanism at one end. This prevented bowing of the tubes when wetted with reagent 
which caused difficulties with the imaging of the samples. A typical image of luminescent 
samples presented in the microtube holder and obtained using the IPD is shown in Figure
A. 1(b). The interpretation of colourgraphics of IPD images is discussed in section A.3 
below.
A.2 Sample presentation - microtitre tray
Standard 96 well microtitre plates (MTP’s) from Dynatech Ltd were used for sample 
presentation of luminescent assays. The wells of the plates are arranged in a 12 x 8 matrix 
and are approximately 6.5 mm in diameter with a centre-to-centre spacing of 9.0 mm. The 
MTP’s used for luminescence assays were either black, as shown in Figure A.2(a), or white 
(rather than transparent as used for colour assays), to minimise the light spreading from 
well to well. Such light spreading or cross-talk between wells would affect the quantitation
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of light emission. Black MTP’s were found to be better for reducing light spreading. A 
example of an image of a luminescent assay run in a black microtitre plate and obtained 
using the CCD is shown in Figure A.2(b). The interpretation of CCD images is discussed 
in section A.4 below.
A.3 Image display IPD
A colourgraphic hard copy of an image of a luminescent assay in a microtube holder 
obtained using the IPD is shown in Figure A. 1(b). This image represents the information 
obtained for each pixel or picture element of the detector. The range of colours used to 
represent the image information is shown in the bar scale seen on the right of the image. 
The colour bar scale indicates blue to represent the lowest pixel values and yellow to 
represent the highest pixel values. Each colour bar in the scale represents a range of pixel 
values or counts and this range is automatically scaled for each image. The count range 
was typically non-linear to allow smaller contrast differences to be seen in faint parts of 
the image. This display may either be in false colour as described here or images may be 
shown in monochrome (shades of grey), as used for the analogue display.
Images for the IPD were originally produced as 128 x 128 pixel images (referred to as byte 
images) or later as 256 x 256 pixel images (word images). The pixels of a byte image 
could hold digital values between 0 - 255 (8 bits) and the pixels of the larger word images 
could hold digital values between 0 - 4095 (12 bits). The pixel structure of the image can 
be seen in Figure A. 1(b) as small squares of colour. The position of pixels in an image 
may be given as an x, y coordinate pair and the usual convention defines the origin of the 
image as the top left hand comer. The images were stored as binary data on the computer 
hard disk.
A.4 Image display CCD
The CCD image display (which was also used for astronomical applications) shows the 
actual CCD image of 575 x 385 pixels within a rectangular box drawn on the display 
screen. A photograph of an image of a luminescent ATP assay in a microtitre plate, 
obtained using the CCD is shown in Figure A.2(b). A colour bar scale is shown on the 
right the image. Some of the CCD images have computed histogram cross-sections
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superimposed on the display.
The CCD pixel values were acquired as 16-bit values in the range 0 - 65535 and were 
transformed into 7-bit values (in the range 0 - 127) for display. The methods of 
transformation and subsequent display that were available, were either a linear scaling or a 
logarithmic scaling of the numbers. The logarithmic scaling method was more useful for 
visualising detail in least bright regions of the image. The final image could be displayed 
in either false colour or monochrome as with the IPD.
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Figure A.2(a) Microtitre tray presentation
Figure A.2(b) Colour display of image from CCD
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APPENDIX B CALIBRATION OF IPD
The calibration of the IPD systems, described in Chapter 1, was undertaken for two IPD 
detectors (luminescence and fluorescence versions). The calibration procedures were 
developed over several months and a summary of the data obtained is given below. The 
calibrations included corrections for image stability, variation of response across the 
detector (flat-fielding), dynamic range and further corrections for non-uniformity of 
illumination in the fluorescence version.
B .l Statistical considerations
B.1.1 Photon shot noise
At the extremely low light levels being considered here it may be assumed that individual 
photons comprising an image arrive randomly and obey Poisson statistics. In these 
circumstances if the number of photons detected in an image is N, then the statistical error 
on N is the square root of N. This consideration applies whatever the time interval over 
which the signal is measured and the effect is known as Shot noise. Shot noise when 
expressed as a fractional error on a measured number of photon counts decreases as the 
measured number of counts increases as illustrated in Table B .l.
Table B .l Illustration of the variation of shot noise with measured signal.
Measured Photon 
flux. (Total Counts)
Photon Shot 
Noise
Ratio 
flux/shot noise
Shot Noise as 
fraction of fiux(%)
10 3.2 3.2:1 32%
25 5 5:1 20%
100 10 10:1 10%
400 20 20:1 5%
1000 32 32:1 3%
10,000 100 100:1 1%
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B .l.2 Systematic errors in IPD reported values
The IPD system used here had two sources of systematic error, discovered during the 
course of the project, which complicated a simple interpretation of the number reported.
i) The DMA interface to the VAX computer received new information in increments 
of 1000 counts which had been accumulated by the IPD counter register. At the 
end of a counting interval or integration period there were up to 999 counts in the 
register which were not reported to the host computer.
ii) At high light levels saturation effects caused under reporting of counts everywhere 
in the field of view.
B.2 Image stability
B.2.1 Geometric stability
The centre coordinates of microtitre plate wells for the two IPD detectors are shown in 
Tables B2 and B3. Variations of these coordinates found by repeated measurement of 
fixed MTP source were typically ± 2 pixels (for a well radius of 9 pixels), with maximum 
variations of ± 3 or 4 pixels. The coordinates were regularly checked and remapped as 
necessary for MTP analysis.
B.2.2 Stability of light intensity
i) The following equation was used to correct for variations in reported light emission 
with time:
 (E qnB .l)
where:-
Qorr = corrected photon counts
Craw = photon flux from sample well (average photons/pixel/min)
Ccontroi = value of control Betalight for sample image (average photons/pixel/min)
S = pre-set calibrated value of control Betalight
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Table B.2 Centre coordinates for luminescent IPD system*.
3 4 5 6 7 8 9 10
A 25,50 47,51 69,58 91,51 114,51 137,51 161,53 185,54
B 26,74 48,74 71,74 93,75 115,75 138,76 163,76 187,76
C 27,98 49,98 72,98 95,98 117,99 141,100 164,100 188,101
D 28,120 50,120 73,121 96,121 119,124 141,123 165,125 189,125
E 29,144 52,144 85,144 98,145 120,146 143,148 167,149 191,149
F 31,169 53,169 76,169 99,170 122,170 144,171 168,173 191,173
G 31,193 54,193 77,194 100,194 123,194 145,195 169,195 192,196
H 33,218 56,219 78,219 101,219 124,220 146,220 170,220 193,222
* Examples of the x,y coordinates of pixels, in image of MTP, corresponding to the 
centres of the MTP wells.
Table B.3 Centre coordinates for fluorescent IPD system*.
3 4 5 6 7 8 9 10
A 24,25 52,25 79,25 106,26 133,26 160,27 187,28 215,30
B 24,52 51,52 78,53 106,53 133,55 160,55 188,57 215,60
C 22,78 51,80 79,80 106,82 133,83 160,85 189,86 216,87
D 23,106 50,107 79,108 106,110 133,111 161,113 189,115 217,116
E 22,132 51,133 79,135 107,137 134,138 161,140 189,142 217,143
F 23,160 52,160 80,162 107,163 135,166 162,167 190,170 217,172
G 24,186 52,188 80,190 108,192 135,193 163,196 190,197 217,198
H 25,213 53,216 81,218 109,220 136,222 163,222 191,225 217,225
* Examples of the x,y coordinates of pixels, in image of MTP, corresponding to the 
centres of the MTP wells.
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Table B.4 Effect of light intensity on image stability for luminescent IPD 
(2 independent test runs a, b).
Light Intensity 
(Photons xlOVdetector/min)
Control Betalight Value* 
(Photons/pixel/min)
a b a b
45 44 348 310
49 58 343 303
58 117 338 295
71 350 337 285
86 737 335 271
105 1065 330 255
118 328
469 313
662 293
Average of 2 readings.
Table B.5 Effect of system operating time on image stability for luminescent 
IPD (2 independent test runs a, b).
System Operating Time 
(hrs,mins)
Control Betalight Value* 
(Photons/Pixel/Min)
a b a b
00,56 00,52 4301 4935
01,57 01,33 4437 4962
02,48 02,17 4438 5055
03,59 02,47 4508 5122
04,40 04,00 4667 5125
06,10 05,59 4663 5128
08,09 06,54 4841 5120
09,10 4997
Average of 2 readings.
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B.3 Flat-fîeld calibration
Flat-fîeld calibration was undertaken to establish correction factors for variations in 
response or photosensitivity, for both the microtube and microtitre plate (MTP) sample 
presentations. The microtube correction factors were measured by imaging sample tubes 
containing the same concentration of ATP/luciferase reagent in each tube. The MTP 
correction factors were obtained using control Betalight sources which were placed 
sequentially in the wells of an MTP as described below. The MTP corrections were 
incorporated into the software routines described in Appendix C.
i) A control Betalight was placed in well A3 of an MTP plate, and repeated images
were obtained to determine the average control fixed value.
ii) Images were then taken of a plate containing the control Betalight and a second
calibration Betalight which was moved around the plate to each well in turn. (The 
calibration Betalight was covered with an ND 4.0 neutral density filter to maintain 
the photon flux below overload level). Images were taken for five minutes for each 
Betalight location to minimise errors on counting low photon fluxes (see appendix
B .l). Certain well locations were repeated during the experiment, to evaluate the 
effect of operating time on values obtained for these fixed sources.
The equation used for the for flat-field calibration of IPD was:
Qnax
 (Eqn b .2)
where:
Cff = flat-field correction factor 
^max = maximum counts for brightest well in field 
(corrected for control p-light) 
c  o b s e r v e d  = counts for a given well
The maximum variation in response reported in Table B.6 is the % variation between 
maximum and minimum values across each detector surface. The standard deviation or 
average value is a good measure of the typical variation.
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Table B.6 Flat-field calibration factors (%) for luminescent IPD system.
3 4 5 6 7 8 9 10
A C 122 121 111 119 145 141 159
B 123 110 108 100 122 127 133 166
C 125 102 106 111 113 111 141 154
D 129 116 111 128 100 133 119 151
E 122 117 124 127 136 119 117 144
F 129 116 127 122 133 135 122 149
G 158 147 134 143 151 144 161 164
H 159 144 157 164 144 169 172 200
Table B.7 Flat-field calibration factors (%) for fluorescent IPD system.
3 4 5 6 7 8 9 10
A C 129 125 123 124 112 115 133
B 130 120 117 124 108 107 118 132
C 121 119 118 119 113 112 125 114
D 126 116 124 119 115 104 115 120
E 123 132 123 117 102 104 113 119
F 134 140 132 129 113 104 108 111
G 139 133 133 133 114 100 109 112
H 140 130 133 124 110 107 110 118
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Table B.8 Sample counts corrected for detector stability and flat-field calibration 
luminescent IPD system*.
3 4 5 6 7 8 9 10
A C 489 514 508 511 505 499 514
B 514 503 530 503 523 513 515 522
C 508 508 476 513 509 506 521 505
D 509 505 489 501 492 495 496 512
E 501 505 495 488 495 490 494 508
F 480 509 487 497 489 487 510 497
G 522 526 505 503 491 487 506 510
H 499 499 508 511 506 504 513 514
* Values reported are average photons/pixel/minute.
Table B.9 Sample counts corrected for control factors and flat-field calibration 
fluorescent IPD system*.
3 4 5 6 7 8 9 10
A C 810 782 770 733 771 749 768
B 809 779 773 775 764 738 758 763
C 734 802 787 779 763 750 783 729
D 785 780 794 789 771 759 773 744
E 805 802 781 777 766 775 757 755
F 816 813 788 802 774 761 763 752
G 793 796 792 804 780 763 771 750
H 837 769 796 795 772 750 774 757
Values reported are average photons/pixel/minute.
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B.4 Dynamic range tests
Table B.IO Local dynamic range tests - luminescent IPD system.
ND Filter 
Value
Filter Attenuation 
Factor
Photon Flux 
Photons/Pixel/Minute
% Error 
(Shot noise)
2.0 10^ 496 0.54
2.5 3x10-^ 900 0.40
3.0 10^ 1174 0.35
3.5 3x10"* 680 0.46
4.0 10"* 217 0.82
4.5 3x10^ 73 1.4
5.0 10^ 22 2.5
5.5 3x10^ 7.3 4.4
6.0 10-6 2.6 7.5
6.5 3x10^ 0.8 10.7
7.0 10^ 0.1 38.1
Table B . l l  Local dynamic range tests - fluorescent IPD system.
ND Filter 
Value
Filter Attenuation 
Factor
Photon Flux 
Photons/Pixel/Minutes
% Error 
(Shot noise)
2.0 10-2 220 1.1
2.5 3x10-2 1178 0.48
3.0 10-2 1178 0.48
3.5 3x10"* 458 0.77
4.0 10"* 205 1.2
4.5 3x10-2 68 2.0
5.0 10-2 24 3.3
5.5 3x10^ 8.9 5.5
6.0 10-2 2.2 11
6.5 3x10-2 1.0 16
7.0 10-2 0.4 26
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Table B.12 Global dynamic range test - luminescent IPD system.
Appendix B
Number of 
Betalights
Total
Photon
Flux
Photons per Pixel per Well Ratio
A/B
Ratio
A/C
Well A WellB W elle
None 5700 630 460 194 1.37 3.18
1 7390 660 487 209 1.35 3.15
2 8926 667 502 215 1.33 3.11
3 10137 671 430 207 1.37 3.23
7 16981 687 520 225 1.32 3.05
21 29286 685 509 228 1.35 3.00
23 33382 681 513 232 1.33 2.93
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Appendix C
IMAGE ACQUISITION AND ANALYSIS FOR THE IPD SYSTEM
C .l Summary of sequence for image acquisition using the IPD system
The following sequence of steps was found to be appropriate for image acquisition:
Set Up IPD 
Measure Background 
Noise
Present Samples 
Display Signal 
Set Image Time 
Acquire Image
Switch on electronics and cool detector
Obtain image for dark current and background noise
with no sample
Present light emitting biological samples to detector
Display real-time analogue signal using oscilloscope
Set integration time for imaging sample
Image obtained under computer control and processed
with system electronics
Image named and stored in computer fileStore Image
C.2 Summary of sequence for image analysis using IPD system
The data analysis evolved over a period of time during the project for both the microtube 
and MTP sample presentations. Substantial corrections to the raw data were found to be 
necessary to take into account deficiencies in the instrument before reliable quantitative 
results could be achieved. The final strategy for analysis of images involved the following 
procedures:
Image Display Display digitised image stored in memory
Locate Samples Locate sample centres using graphics cursor
Sample Centres Coordinates of sample centres stored in computer file
Background Run background correction routine (for noise)
Image stability Run correction routine for variation in control Beta-light
Spreading Run spreading function routine
Flat-Field Run flat-field correction routine
Analysis Numerical analysis of signal from sample regions
Print Data Display and print analysed data
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C.3 Development of IPD data analysis - microtube system
Microtube Analysis I: The initial data analysis was to report values in a vertical section
one pixel wide across each microtube (Figure C .l). Typical results are shown in 
Figures C.2 and C.3. In Figure C.2 the values are shown in the form of a histogram. In 
Figure C.3 the actual numerical values of the pixels are presented. This simple analysis 
only measured the light emission from a small region of the microtube and depended on 
manual estimates of the background.
Microtube Analysis II: The second analysis method used horizontal sections running 
along the axis of each microtube (Figure C .l), within which the pixel values were summed 
and the average pixel value reported as an improved measure of the light emission. The 
width of the section could be defined as either 1, 3 or 5 pixels and the length fixed as 70 
pixels (consistent with the observed images). Background estimates were reported using 
similar analysis of sections between the microtubes. An example of the numerical results 
of the raw data, background values and corrected data are shown in Figure C.4.
Microtube Analysis III: This was the final analysis method developed for the microtube
presentation and offered greater flexibility in defining the position and geometry of the 
tubes and background regions. The measured backgrounds were subtracted automatically 
from the raw light values. The background was found to vary across the field of view and 
therefore different backgrounds were measured in the vicinity of each tube before 
corrections applied. A further flat-field correction was applied to correct for variations in 
response across the field of view. These corrections factors were established using the 
values obtained from a set of microtubes containing the same light emitting reagent 
(chapter 4). An example of the results from this analysis is shown in Figure C.5.
C.4 Development of IPD data analysis - microtitre plate system
The IPD system was capable of viewing the central 64 wells (A3 - H3) from a standard 96 
well plate, shown schematically in Figure C.6. This limit was set by the demagnification 
of the optics in the experimental apparatus. The figure shows an enlarged view of one 
well, illustrating the circular areas over which the signal could be integrated.
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M TP Analysis I: The initial data analysis was to report the total counts over an area 
corresponding to a radius of 3 pixels. Typical results are shown in Figure C.l. No 
corrections were applied to this data. Estimates of background were made manually from 
values in known empty wells.
M TP Analysis II: The second analysis method reported total counts over a well area of
variable radius (between 1 to 5 pixels). Results were corrected for ‘dead time’ by a factor 
estimated from the total number of photons counted in the nominal integration period.
The effective integration time (lower than nominal) was reported together with a number of 
other parameters relevant to the reading. A further spreading correction was applied to 
allow for the overlap of signals from bright wells into adjacent fainter wells. The 
spreading of the light was calibrated and a simple deconvolution strategy was applied out 
to a radius of 20 pixels from the well centres. This correction did not allow for the effects 
of coincidence infilling which involves a non-linear effect between two or more bright 
wells. An example of results from this analysis is shown in Figure C.8.
M TP Analysis III: Results from the third analysis method are shown in Figure C.9.
Corrections for background subtraction and flat-field have been applied to these numbers. 
The methods for these corrections are described in Appendix B.3. The values were 
reported in units of photon flux as average photons/pixel/minute. The integration was set 
at four pixels.
M TP Analysis IV: The final analysis method involved the additional use of a control 
Betalight in well A3, to correct for drifts with time and light intensity (Chapter 1 and 
Appendix B.2). The value of this Betalight was measured for several repeat readings and a 
range defined for the limits of variation. The values of signals from the wells of the 
microtitre were then normalised by a correction factor calculated from the drift of the 
control Betalight. This improved analysis gave the most accurate results achieved for the 
IPD in this experimental set-up. An example of the results measured using this final 
method are shown in Figure C.IO.
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I
Figure C.l Schematic diagram illustrating the microtube analysis (IPD).
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Figure C.2 Histogram of single pixel values in transverse section of 
microtubes (analysis I, IPD).
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Figure C.3 Numerical values of histogram of single pixel values in 
transverse section of microtubes (analysis I, IPD).
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ENTER FILENAME CONTAINING LINE COORDINATES 3
LI 725
ENTER FILNAME CONTAINING NOISE LINE COORDINATES 
N1725
AVG : : : NOISE SUM -AVG
6.719298 601.0000 5.271930
6.464912 671.0000 5.885965
9.535088 794.0000 6.964912
8.684211 1020.000 8.947369
9.728070 1111.000 9.745614
9.438597 1052.000 9.228070
RETURN
LINE SUM - 
538. 0000
737.0000
1087.000
990.0000
1109.000
1076.000
TYPE ANY KEY TO
NNNNN.INT
ENTER FILENAME CONTAINING LINE COORDINATES 
^25
ENTER FILNAME CONTAINING NOISE LINE COORDINATES 
N1725
AVG : : : NOISE SUM
1.298246 143.0000
1.859649 142.0000
3.324561 132.0000
1.710526 178.0000
1.500000 174.0000
1. 184211 201.0000
I
LINE SUM -
148.0000
212 .0000
379.0000
195.0000
171.0000
135.0000 
TYPE ANY KEY TO RETURN
-AVG 
1.254386 
1.245614 
1.157895 
1.561403 
1.526316 
1.763158
Figure C.4 Data analysis of microtubes (analysis II, IPD).
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E N T E R  N O I S E  F I L E  
E N T E R  DA T A S E T  NAME  
F Q 1 3 1 3
F Q 1 3 2 6 - F Q 1 3 i a  
E N T E R  F I L E N A M E  C O N T A I N I N G  L I N E  C O O R D I N A T E S  
L I  7 5 3
E N T E R  V A R I A T I O N  F A C T O R
3
E N T E R  F I L N A M E  C O N T A I N I N G  N O I S E  L I N E  C O O R D I N A T E S  
N 1 7 5 3
F  : f i l e  N : n o i s e  f i l e  D : d i f f e r e n c e  C : c o r r e c t e d  
L I N E  SUM -  AVG : : : B E T WE E N  - A V G
*************LINE : 1
F :  2 5 0 . 0 0 0 0  2 . 3 1 4 8 1 5  2 9 2 . 0 0 0 0  2 . 5 6 1 4 0 4
N :  2 8 6 . 0 0 0 0  2 . 6 4 8 1 4 8  3 0 8 . 0 0 0 0  2 . 7 0 1 7 5 4
D :  - 3 6 . 0 0 0 0 0  - 0 . 3 3 3 3 3 3 5  - 1 6 . 0 0 0 0 0  - 0 . 1 4 0 3 5 0 8
C - 3 6 . 0 0 0 0 0 0 0 0 0 0 0 0 0 0  - 0 . 3 3 3 3 3 3 4 9 2 2 7 9 0 5 2 7
***+t-*********LINE : 2 ****************
F  : 1 1 7 0 4 . 0 0  1 O S . 3 7 0 4  1 7 2 7 3 . 0 0  1 5 1 . 5 1 7 5
M: 3 5 2 . 0 0 0 0  3 . 2 5 9 2 5 9  4 1 2 . 0 0 0 0  3 . 6 1 4 0 3 5
D : 1 1 3 5 2 . 0 0  1 0 5 . 1 1 1 1  1 6 8 6 1 . 0 0  1 4 7 . 9 0 3 5
C : . 1 1 3 5 2 .  0 0 0 0 0 0 0 0 0 0 0  1 0 5 .  1 1 1 1 0 6 8 7 2 5 5 8 6
* * * * * * * * * * * * * L I N E : 3 ****************
F :  6 8 1 4 . 0 0 0  6 3 . 0 9 2 5 9  6 9 8 2 . 0 0 0  6 1 . 2 4 5 6 2
N :  4 7 9 . 0 0 0 0  4 . 4 3 5 1 8 5  5 3 3 . 0 0 0 0  4 . 6 7 5 4 3 8
D :  6 3 3 5 . 0 0 0  5 8 . 6 5 7 4 1  6 4 4 9 . 0 0 0  5 6 . 5 7 0 1 8
C :  6 3 3 5 . 0 0 0 0 0 0 0 0 0 0 0 0  5 8 . 6 5 7 4 0 5 8 5 3 2 7 1 4 8
* * * * * * * * * * * * * L I N E  : 4  * * * * * * * - % - R - * * * * * * *
F :  1 6 9 1 . 0 0 0  1 5 . 6 5 7 4 1  2 0 9 6 . 0 0 0  1 8 . 3 8 5 9 7
N :  5 8 9 . 0 0 0 0  5 . 4 5 3 7 0 3  6 5 8 . 0 0 0 0  5 . 7 7 1 9 3 0
D :  1 1 0 2 . 0 0 0  1 0 . 2 0 3 7 0  4 4 3 8 . 0 0 0  1 2 . 6 1 4 0 4
C : 1 1 0 2 . 0 0 0 0 0 0 0 0 0 0 0 0  1 0 . 2 0 3 7 0 3 8 8 0 3 1 0 0 6
* * ' v* * * * * * * * * * L I N E :  5  * * * * * * * * * * * * * * * *
F :  1 0 8 6 . 0 0 0  1 0 . 0 5 5 5 6  1 4 9 9 . 0 0 0  1 3 . 1 4 9 1 2
N :  6 4 2 . 0 0 0 0  5 . 9 4 4 4 4 5  7 2 5 . 0 0 0 0  6 . 3 5 9 6 4 9
D :  4 4 4 . 0 0 0 0  , 4 . 1 1 1 1 1 1  7 7 4 . 0 0 0 0  6 . 7 8 9 4 7 4
C :  7 7 2 . 5 5 9 9 9 7 5 5 8 5 9 3 7  4 . 1 3 9 2 7 9 3 6 5 5 3 9 5 5 1
* * * * * * * * * * * * * L I N E : 6  * * * * * * * * * * * * * * * *
F :  8 2 9 . 0 0 0 0  7 . 6 7 5 9 2 6  7 2 0 . 0 0 0 0  6 . 3 1 5 7 9 0
N :  6 8 6 . 0 0 0 0  6 . 3 5 1 8 5 2  7 1 1 . 0 0 0 0  6 . 2 3 6 8 4 2
D :  1 4 3 . 0 0 0 0  1 . 3 2 4 0 7 4  9 . 0 0 0 0 0 0  7 . 8 9 4 8 0 2 l E - 0 2
C : 2 1 1 . 1 6 3 3 3 0 0 7 8 1 2 5 0  1 . 3 2 9 $ 1 8 1 4 6 1 3 3 4 2 3
PHOTON C O U N T — F I L E :  0 . 0 0 0 0 0 0 0  N O I S E  F I L E :  - 1 . 7 0 1 4 1 1 7 E + 3 8
T O T A L  I N F I L L  =  1 . 7 0 1 4 1 1 7 E + 3 8
T Y P E  ANY KEY TO RE T U RN
Figure C.5 Data analysis of microtubes (analysis III, IPD).
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Figure C.6 Schematic diagram illustrating the microtitre plate analysis (IPD).
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3
4
5
6
7
8 
9
10
A B C D E F G H
1 5 5 2 5 1 7 1 1 7 2 6 5 1 3 2 9 7 1 4 6 6 1 0 1 9 3 9 4
1 6 0 5 6 2 1 1 2 5 6 0 0 3 0 6
1 7 7 0 8 1 4 5 1 8 2 4 6 1 7 8 3 6 2 0 2 3 2 8 2 2 3
2 0 3 6 1 9 6 5 2 0 0 1 0 2 0
3 1 4 4 1 4 3 5 3 7 5 2 6 4 3 2 0 1 7 9 3 3 5
1 5 2 1 7 0 1 0 6 6
2 4 2 9 7 3 9 9 1 4 1 3 0 9 6 8 2 2 1 7 3 8
8 5 8 1 4 2 4 2 1 4
Figure C .l  Data analysis of microtitre plate (MTP analysis I, IPD).
C L 1 4 1 7 . F 5 3
I N T E G R A T I O N  T I M E  = 3 0 0  S E C
TOT AL  NUMBER OF P H O T O N S  = 3 4 0 0 0
E F F E C T I V E  I N T E G R A T I O N  T I M E  = 2 9 6 , 9 4  S E C  
R A D I A L  C O R R E C T I O N S  TO R A D I U S  = 2 0
R E S U L T S  C A L U C L A T E D  FROM R A D I U S  = 1 TO 3  
R E S U L T S  ARE THE A V E R A G E S  OVER 2 0  P I X E L S ,
C O R R E C T E D  TO 1 0 0  S E C ON D  I N T E G R A T I O N
3 4 5 6 7 8 9 1'
A
3 1 8 4 0 0 0 1 0 2 0
D
1 0 0 1 0 0 2 2
C
0 2 2 2 0 0 0 0
D
0 3 2 3 0 1 0 1
E
1 0 0 1 1 0 0 0
F
2 0 0 0 3 0 2 3
G
0 0 0 1 1 0 0 0
H
3 0 5 4 1 1 2 1 0 1 0
Figure C.8 Data analysis of microtitre plate (MTP analysis II, IPD).
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I C I 3 0 8 . D 1 2
i m a g e  t a k e n  f o r  1 m i n  4 0  s e c
r e s u l t s  a r e  t h e  a v e r a g e  p h o t o n s  p e r  p i x e l  p e r  m i n u t e  
t a k e n  o v e r  6 9  p i x e l s  t o t a l  p h o t o n s  i n  i m a g e  = 6 3 6 , 0 0 0  
C u N T R O L  NOT I N  RANGE ! ! ! ! ! n o t  c o r r e c t e d
4 5 6' 7 8  9 1 0
A 3 . 4 2 . 0 2 .  1 2 . 1 1 . 5 1 . 5  1 . 4 1 . 7
B 2 .  1 3 . 0 2 .  8 3 . 0 1 . 8 1 . 5  1 . 6 1 . 6
C 2 . 4 3 . 5 4 1 8 . 5 3 . 4 1 . 9 2 . 7  1 . 9 2 . 3
D 2 . 6 3 . 7 2 . 6 3 .  2 1 5 7 . 7  2 . 1 2 . 7
E 2 . 7 2 . 7 4 . 0 2 . 9 2 . 2 2 . 4  2 . 1 2 . 2
F 3 . 0 4 . 5 4 0 7 . 4 2 . 9 2 . 1 2 .  6  2 .  7 2 . 8
G 3 . 2 3 . 2 4 . 7 3 . 1 3 . 2 2 . 7  3 . 2 2 . 7
H 3 . 4 3 . 7 3 . 8 3 . 5 3 . 3 3 . 3  3 . 3 6 . 2
P r e s s  S - ■ s a v e  .  . P - p r i n t . •  X - e x  i  t . .
Figure C.9 Data analysis of microtitre plate (MTP analysis III, IPD).
c __ 1.
D _______ .
E _______ .
F _______ .
G _______ .
H
Figure C.IO Data analysis of microtitre plate (MTP analysis IV, IPD).
I c  1 6 5 0 .  D 5 9
i m a g e  t a k e n  f o r  1 m i n  4 0  s e c
r e s u l t s  a r e  t h e  a v e r a g e  p h o t o n s  p e r  p i x e l  p e r  m i n u t e  
t a k e n  o v e r  6 9  p i x e l s  t o t a l  p h o t o n s  i n  i m a g e  = 6 6 0 , 0 0 0  
c o r r e c t e d  f o r  c o n t r o l  =  3 5 2 . 0
3  4  5  6  7  8  9  1 0
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APPENDIX D CALIBRATION OF * CCD SYSTEM
D .l M anufacturer’s calibrations
A calibration report was supplied by the manufacturers for the prototype and production 
CCD systems described in Chapters 2 and 3, giving performance results. The report 
included the readout noise (7 electrons rms), the resolution and geometric distortion 
illustrated in a test chart image and other values including dynamic range. An example of 
a test chart is shown in Figure D .l below. The uniformity of response across the field of 
view for the CCD was calibrated at the time of manufacture. Further details are available 
in the CCD performance test report - CCD P8603/A Serial No 2092/5/15 .
CAMBRIDGE CCD SYSTEM.
rum . ttz t  osjccT riLT. WK#/$*%#)
•M* Stan S7« MHin OHMIT #. # # / # / # # / #/ # #
CCO e e e e e z *  i « m  ■> run.  s a n e s s s w i e s r  l x n i  n » .<  i
M t o o n  MCTOO > t
Figure D.l Image of test chart measured using the CCD.
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D.2 Calibration results
This section summarises the results corresponding to the calibration experiments described 
in Chapter 2. The results shown here are typical of those obtained for the CCD detector 
over several months.
Table D .l Effect of variation of integration radius on average pixel value and 
total photon flux (Nikon 50mm Lens, f-stop 2.8, N.D. 1.0 filter). 
The integration radius was incremented in steps of 1 or 2 pixels.
Integration
Radius
Integration
Area(A/7c)
Average Pixel 
Value
Total Photons 
Per Well (xlO^)
7 49 12714 1.96
8 64 12333 2.48
9 81 11671 2.97
10 100 10618 3.34
11 121 9404 3.57
12 144 8411 3.81
13 169 7286 3.87
14 196 6554 4.04
15 225 5752 4.06
16 256 5112 4.11
17 289 4557 4.14
18 324 4082 4.15
19 361 3707 4.15
20 400 3298 4.14
21 441 2988 4.14
22 484 2731 4.15
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Table D.2 Effect of variation of integration radius on average pixel value and 
total photon flux (Nikon 105 mm lens, f-stop 2.8, N.D. 2.0 filter).
The integration radius was incremented in steps of 1 or 2 pixels.
Integration
Radius
Integration
Area(A/7T)
Average Pixel 
Value
Total Photons 
Per Well (10*)
13 169 902 0.48
15 225 918 0.65
17 289 920 0.83
19 361 898 1.02
21 441 862 1.19
23 529 824 1.37
25 625 750 1.47
27 729 670 1.53
29 841 598 1.58
32 1024 516 1.66
34 1156 474 1.72
36 1296 428 1.74
38 1444 384 1.74
40 1600 348 1.75
42 1764 315 1.74
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Table D.3 Effect of variation of exposure time on average pixel value and 
total photon flux for betalight using ND 1.0 filter.
(Nikon 105 mm lens, f-stop 2.8, integration radius 29 pixels).
Exposure Time 
(Seconds)
Average Pixel Value* 
(Photons per Pixel)
Total Signal* 
(Photons per Well x 10*)
2 2231 5.89
5 5578 14.74
10 11243 29.70
15 17029 44.99
30 23752 62.75
60 27730 73.26
90 30046 79.38
120 30672 81.04
* Average of 5 readings.
Table D.4 Effect of variation of exposure time on average pixel value and 
total photon flux for betalight using ND 2.0 filter.
(Nikon 105 mm lens, f-stop 2.8, integration radius 29 pixels).
Exposure Time 
(Seconds)
Average Pixel Value* 
(Photons per Pixel)
Total Signal* 
(Photons per Well xlO*)
2 240 0.63
5 596 1.57
10 1175 3.10
20 2341 6.18
30 3464 9.15
60 7055 18.64
120 14316 37.82
240 22837 60.34
480 27063 71.50
* Average of 5 readings.
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Table D.5 Effect of lens f-stop on average pixel value and total photon flux.
(Nikon 105 mm lens, ND 1.0 filter, integration radius 29 pixels).
f-Stop Average Pixel Value* 
(Photons per Pixel)
Total Photon Flux* 
(Photons per Well xlO*)
2.8 23757 62.77
4 16468 43.51
5.6 7984 21.09
8 3991 10.54
11 1987 5.25
16 1026 2.71
22 542 1.43
32 275 0.73
* Average of 3 readings.
Table D.6 Effect of lens f-stop on average pixel value and total photon flux.
(Nikon 105 mm lens, ND 2.0 filter, integration radius 29 pixels).
f-Stop Average Pixel Value* 
(Photons per Pixel)
Total Photon Flux* 
(Photons per Well xlO*)
2.8 3438 9.08
4 1632 4.31
5.6 788 2.08
8 405 1.07
11 212 0.56
16 108 0.28
22 59.8 0.16
32 33.3 0.87
* Average of 3 readings.
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Appendix E
IMAGE ACQUISITION AND ANALYSIS FOR THE CCD
E .l Summary of sequence for image acquisition using the CCD system
The following sequence of steps was found to be appropriate for image acquisition:
Set Up CCD 
Clear CCD 
Measure Background 
Noise
Present Samples 
Set Image Time 
Acquire Image
Store Image
Switch on electronics and cool detector (liquid N2 ) 
Read-out CCD several times to clear residual charge 
Obtain image for dark current and background noise 
with shutter closed
Present light emitting biological samples to detector 
Set integration time for imaging of sample 
Shutter opened and image obtained under computer 
control and processed with system electronics 
Image named and stored in computer file
E.2 Summary of sequence for image analysis using the CCD system
The data analysis for the CCD evolved for both the microtube and MTP sample 
presentations, based on experience obtained using the IPD (Appendix C). The CCD 
detector had been previously calibrated and the corrections for quantitative analysis were 
provided. The final strategy for the analysis of images involved the following procedures:
Image Display 
Locate Samples 
Sample Regions 
Background 
Flat-Field 
Analysis 
Print Data
Display digitised image stored in memory 
Locate sample coordinates using graphics cursor 
Sample coordinates stored as template in computer file 
Image data automatically corrected for background 
Flat-field correction routine run automatically 
Numerical analysis of signal from sample regions 
Display and print analysed data
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E.3 Development of CCD data analysis - microtube system
Microtube Analysis: The initial data analysis, provided by the Institute of Astronomy,
Cambridge, was to report individual pixel values and histograms obtained from a section 
across each microtube. An image of a microtube assay obtained using the CCD is shown 
in Chapter 4, Figure 4.5. Each tube was approximately 15 pixels wide on these images.
The pixel values could be produced as a list of numbers, as shown in Figure E. 1 and a 
histogram cross-section across three tubes, seen in Figure 4.5, is shown in Figure E.2. This 
simple analysis was used to measure the light emission from small regions of the 
microtubes and numerical values for the average signals obtained were reported as 
electrons or equivalent photon flux, as shown in the summary table in Figure E.3.
E.4 Development of CCD data analysis - microtitre system
MTP Analysis I: The original MTP analysis involved the summing of pixel values in 
square regions centred around and over each well of the MTP. These square regions were 
slightly larger than the well size (approximately 40 pixels diameter) and included a small 
area of background. The average light signal from the MTP well was calculated by 
subtracting the average background value obtained from similar sized regions positioned 
between the wells. The CCD had been previously calibrated at the Institute of Astronomy, 
Cambridge, and corrections for variations in pixel response (flat-field) and dark-level 
subtraction background) were automatically applied in the software. The average signals 
were reported as a list of values for each well, as illustrated in Figure E.4.
MTP Analysis II: The MTP analysis software was further enhanced to provide a more
automated analysis of signals from MTP samples, similar to that available to the IPD (see 
Appendix C). This latest CCD analysis software was written by Astromed Ltd. The 
analysis involved the use of a template which could be superimposed and aligned over the 
wells in the image to be analysed. A number of parameters defining the size and 
orientation of the template could be specified. These included the radius of the well, the 
well to well spacing, the angle of orientation of the template and the x, y coordinates of 
the template origin (eg lower left-hand pixel corresponding to well HI). Flat-field and 
dark-level corrections were applied automatically in the software routines. The numerical 
results were reported corresponding to each MTP location, as shown in Figure E.5.
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Figure E.l Numerical list of pixel values from analysis of microtubes (CCD).
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n s o
1250 electron/division
%| p*Tr <A ^
21 pixels/division
Figure E.2 Histogram of single pixel values in transverse section across 3 
microtubes (CCD).
Tube length
Tube 1 
Tube 2 
Tube 3 
Read out 
noise
1 mm
2 .4  X 10'
1 . 2  X 1 0 '
2.7  X 10
18
2 mm
4.8  X 10'
2.4 X 10'
5.4 X 10
26
5 mm
1.2 X 10’
6 X 10"
1.35 X 10"
40
10mm
2.4 X 10^ e lec tron s  
1.2 X 10^ e lec tron s  
2.7 X 10^ e lec tro n s
57 elec tron s
Figure E.3 Summary table showing results of data analysis of microtube assays, giving 
average signals per tube (CCD).
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Figure E.4 Data analysis of microtitre plate (analysis version I) showing a list of 
average values for wells (CCD).
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Figure E.5 Data analysis of microtitre plate (analysis version II) showing a grid of 96
values in MTP format (CCD).
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APPENDIX F LED EXPERIMENT USING IPD AND CCD DETECTORS
The performance of the IPD and CCD for the measurement of a light source of variable 
intensity was measured using an array of light emitting diodes (LED’s) as described in 
Chapter 3. The methods of data analysis as recommended for each detector are described 
below.
F .l Light capture efficiency for lens imaging
When measuring an isotropic light source which is emitting photons uniformly in all 
directions (i.e. into 4jt steradians), the fraction of photons captured by a lens when imaging 
a source onto a detector is given by the lens formula as follows:
f r a c t i o n  c a p t u r e d  b y  l e n s  =
where F is the f-number (or aperture used) of the lens and m is the demagnification factor 
(i.e. object size divided by image size) of the lens which depends on the distances of the 
source and image from the lens.
In the LED experiment the light source being measured by both detectors was uniform and 
the demagnifications were comparable. A correction was made to allow for the difference 
in lens aperture for the CCD detector, which used an f/1.7 lens compared with the IPD 
which used an f/1.4 lens. This correction involved scaling the CCD data by a factor of 
1.474.
The overall detected signal is the product of the number of photons emitted from the 
source, the fraction captured by the lens (as given by the lens formula above) and the 
efficiency of the detector. The photocathode efficiency of the IPD is between 5-10% and 
the efficiency of the CCD is approximately 20% at the wavelength of emission of about 
550 nm used in the LED experiment. For the IPD, using a demagnification of 9, an f- 
number of 1.4 and assuming an efficiency of 10%, then the fraction of photons emitted 
from the source which are detected would be -1:31,000. For the CCD, using the same 
demagnification of 9, an f-number of 1.7 and assuming an efficiency of 20%, then the 
fraction of photons detected would be -1:23,000.
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F.2 Statistical errors in photon counting instruments
If an instrument detects N counts in a given region and time interval, the error on these 
counts is Vn  from the random nature (assumed) of the photon emission process. This is a 
fundamental limitation which is important at low N values and much less important at high 
N values. Therefore the fractional error is:
M  -  Æ  -  J .  Eqn FI
N  N
Thus if N = 9 fractional error = 1/3 = 33%
N = 10^  " " = 1/10 = 10%
N = 10^  " " = 1/100 = 1%
The Vn  factor must be applied to the actual counts recorded by the instrument. This ‘raw’ 
number of counts is often scaled by a factor to report values in some consistent set of 
units.
The IPD instrument, for example, adds counts for 69 pixels over 100 seconds and measures 
345 counts; the fractional error in this measurement is:
18.6
The instrument reports mean counts per pixel per minute, where the reported values are 
obtained from the measured values as follows:
j  j  1 60 measuredreported = measured x —  x -----  = -------------
69 100 115
The scale factor of 1/115 must also be applied to the error, therefore the reported signal 
is 3 ± 0.16 counts/pixel/min from measured counts = 345 ± 18.6 in 69 pixels for 100 
seconds.
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F.3 Combination of errors
When two measurements are combined in a simple way (i.e. ratio or product) the overall 
fractional error is obtained by combining the individual fractional errors in quadrature.
Thus the fractional error on a ratio or product is:
{fractional errors Ÿ  
For example if C = A/B , where errors in A and B are ôA and ÔB then
ÔC *(f
\2
This assumes that A & B are independent measurements with uncorrelated errors.
The errors in one measurement are often much larger ( 6 A/A »  ôB/B or vice-versa) 
therefore only one term is important:
E.g. when —  k 2 '
A  \  ^  )
Combining terms with similar fractional errors gives a result with fractional error V2 times
larger.
= ^ ( t )
F.4 Empirical check
A useful check is to repeat a reading under the same conditions a number of times. The 
spread of answers is a valid measure of likely errors. In an ideal case the standard 
deviation a  divided by the mean (± p, the fractional error) will agree with the calculated 
1/Vn rule in Equation F.l. In cases where a/p «  1/Vn it is probable that either the 
calculation of N is incorrect (the instrument is actually recording a larger number of counts 
than reported, e.g. when the results for long integrations are normalised to a shorter 
standard time) or the small spread in measured readings is fortuitous. Making further 
repeated measurements will in principle decide between these two cases.
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In practice a /p  can be »  1/VN and this suggests other sources of error in the instrument 
(e.g. dark currents also subject to their own Vn  fluctuations). Repeated measurements at 
one fixed light-level will not reveal systematic problems such as under-reporting of counts 
at high light levels.
F.5 Signal-to-noise ratios
Signal-to-noise ratios are a measure of the confidence that a reported signal is real and not 
a fluctuation in the background reported by an instrument in the absence of a signal. In 
general noise is not the same thing as the Vn  fluctuations expected for a given signal. 
Technically noise is the standard deviation of the background level and a fluctuation of ± 3  
standard deviations occurs about 0.5% of the time. Therefore if a signal is 3 times noise, 
the confidence is 99.5% that a signal is present. The magnitude of the signal is not known. 
Signal-to-noise ratios are the most useful term for discussing limits of detection.
A complication occurs when looking for one bright pixel in a field of 250,000 pixels, 
where a 0.5% probability fluctuation occurs in 1250 pixels. Further analysis shows that 
1 in 250,000 pixels will have a 7 standard deviation fluctuation, therefore a signal/noise 
ratio of 10 might be suitable for detecting bright spots within this confidence limit. In 
practice a cluster of 5 adjacent pixels, each 3 or more a  above background, is also 
significant.
F.6 Calculation of signal to noise ratio for the IPD
The results reported by the IPD were the mean number of counts per pixel per minute. 
These numbers were derived from the raw integrated results, the average signal over 69 
pixels for an integration time of 100 seconds (time defined in the experimental protocol). 
Thus the number of actual counts corresponding to a reported value N is:
counts = N  X 69 X -----  = N  x 115
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The expected statistical error in N is:
v/ÏÏ5 10.7
(Other sources of error, including readout noise, electronics noise were found to be small 
for the IPD.)
Therefore the signal to noise ratio was derived as follows:
= ■/ÎÏ5 X y/Signal {where noise =
/ Î Ï S
The S/N ratios in Chapter 3, Table 3.1(a) have been calculated using this formula. The 
values reported have been scaled to give photons/well/100 seconds using a factor of 375 to 
scale the reported numbers. This factor includes the scaling from 69 pixels (reported) to 
225 pixels (total area of well) to produce units which can be compared directly to the CCD 
(total signal/well/100 seconds).
The standard deviation of 6 readings taken at 3.99 - 4.04 )Li amps was calculated as a cross
check on the S/N ratio. This gave a measured S/N value of 18.4 in good agreement with
the calculated value of 19.8 shown in Table 3.1(a). The results used for the calculation are 
shown in Table F.l below. The agreement found confirms there were no other important 
sources of random error contributing to these measurements.
F.7 Calculation of the signal to noise ratio for CCD
The CCD was known to have an associated readout noise (RON) of 6 counts per pixel, 
irrespective of the level of the signal in that pixel (ref manufacture). This readout noise is 
important at low signal levels.
The LED wells were each measured using a grid of 40 x 40 pixels. The fluctuations in the 
readout noise for these 1600 pixels is
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y/no pixel (RON) = y 1600 x 6 = 240 counts 
The signal derived after dark level subtraction has its own shot noise, where:
The readout noise and shot noise have to be combined in quadrature to obtain the overall 
noise:
overall noise = ^240^ + Shot‘s
Therefore the final expression for the signal-to-noise is:
S
This formula has been used to calculate the S/N ratios given in Table 3.1(b). Some further 
CCD data is shown in Figure F.2. There is a set of 6 readings at 4.10 |L i Amps which have 
a mean and standard deviation of 3.73 10"^  ± 496 with a signal to noise 75:1. This can be 
compared to the calculated S/N ratio of 122:1 using the above formula. The measured S/N 
ratio is smaller than the calculated value, probably due to systematic effects including drift 
of the LED current with time.
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Current 
|X Amps
Photon count (Photon/pixel/min.) Ratio
A/B
Ratio
A/CCell A CellB CellC
4.2 3.8 2.7 1.0 1.41 3.8
0.99 0.4 0.2 0.2 2.0 2.0
4.04 3.4 2.9 0.9 1.17 3.77
4.04 3.6 2.7 0.7 1.33 5.14
2.0 0.8 0.6 0.2 1.33 4.0
16.3 57.9 47.2 16.6 1.22 3.49
64.6 627.3 636.8 253.8 0.98 2.47
257.6 113.7 175.3 748.3 0.64 0.15
3.99 3.2 2.9 1.1 1.10 2.9
3.99 3.7 3.1 0.9 1.10 4.1
3.99 3.4 3.0 0.9 1.13 3.7
3.95 3.1 2.8 1.0 1.11 3.1
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Current 
ft Amps
Photon Counts (Photon/well/100 secs) Ratio
A/B
Ratio
A/C
Cell A CellB CellC
1.03 1.03x10" 1.14x10" 1.16x10" 0.896 0.888
2.00 1.57x10" 1.60x10" 1.10x10" 0.981 1.43
4.00 4.27x10" 4.05x10" 1.76x10" 1.054 2.43
16.30 6.25x10^ 5.56x10^ 1.90x10® 1.124 3.29
64.3 9.40x10^ 8.14x10® 2.87x10® 1.155 3.28
256.7 1.30x10* 1.21x10* 0.47x10* 1.126 2.89
4.10 3.76x10" 3.70x10" 1.41x10" 1.106 2.667
4.10 3.77x10" 3.61x10" 1.36x10" 1.044 2.772
4.10 3.71x10" 3.55x10" 1.29x10" 1.045 2.876
4.10 3.66x10" 3.51x10" 1.23x10" 1.043 2.976
4.10 3.79x10" 3.62x10" 1.29x10" 1.047 2.928
4.10 3.70x10" 3.54x10" 1.24x10" 1.045 2.984
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APPENDIX G BIOLUMINESCENT, CHEMILUMINESCENT AND 
FLUORESCENT ASSAYS
The tables in this appendix list the data shown in Figures 4.6 to 4.12 of Chapter 4. The 
data represent typical cases, in practice each experiment was repeated a number of times.
Table G.l Assay for ATP using the firefly luciferase system, measured with IPD
(microtubes) and Biocounter (cuvettes). The data are shown in Figure 4.6.
Moles of 
ATP
IPD
(Photons/pixel/min)
Biocounter 
11/6/84 (IPD)
1x10" 1020 145308
5x10" 660 81221
1x10" 96 19497
5x10" 51 8433
1x10" 12.6 1681
5x10" 6.0 939
1x10" 1.8 265
5x10" 1.38 138
1x10" 0.6 -
5x10" - 19
Blank 0.42 11
Sample volumes for the IPD assay in microtubes were 5-10 |il of ATP/luciferase reagent 
and for the Biocounter sample volumes were 200 ill per cuvette. The data shown here are 
typical of results obtained for this assay.
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Table G.2 Assay for ATP using the firefly luciferase system, measured with CCD
(microtubes) and biocounter (cuvettes). The data are shown in Figure 4.6.
Moles of 
ATP
CCD 
Total Photon Flux
Biocounter 
11/6/84 (CCD)
1x10" 454,920 141218
5x10" 175,840 84418
1x10" 37,600 18649
5x10" 16,160 9887
1x10" 3,320 1875
5x10" 1,320 1008
1x10" 1,580 200
5x10" 1,060 106
1x10" 520 32
Sample volumes for the CCD assay in microtubes were 5-10 |L l l  of ATP/luciferase reagent and 
for the Biocounter sample volumes were 200 |xl per cuvette. The data shown here are 
typical of results obtained for this assay.
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Table G.3 Assay for ATP using the firefly luciferase system, measured using the IPD, 
to compare sample presentation in a) black microtitre plate and b) white 
microtitre plate. The data are shown in Figure 4.9.
Moles of ATP
Average Photon Hux* 
(Photons/Pixel/Min)
Standard
Deviation*
Coefficient of 
Variation** (%)
Black White Black White Black White
1x10" 279 138 20.6 5.42 7.4 3.9
5x10" 146 56.3 12.7 0.97 8.7 1.7
1x10" 28.3 10.2 1.58 0.52 5.6 5.1
5x10" 15.5 3.9 1.17 0.31 7.5 7.9
1x10" 2.9 1.2 0.26 0.18 9.0 15.0
5x10'" 1.5 0.8 0.08 0.21 5.3 26.2
1x10" 0.5 0.4 0.05 0.13 10.0 32.5
5x10" 0.2 0.3 0.05 0.11 25.0 36.7
1x10" 0.1 0.2 0.05 - 50.0 -
5x10" 0.1 0.2 - - - -
Blank 0.1 - -
* The mean and standard deviations were calculated from set of 4 readings.
** Coefficient of Variation (%) = (standard deviation / average value) x 100.
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Table G.4 Assay for horseradish peroxidase using luminol/H202 substrate system, 
measured in IPD (microtubes) and Biocounter (cuvettes). The data are 
shown in Figure 4.10.
Amount of HRPO 
(I.U. per Assay)
Biocounter 
Average Counts* 
(RLU’s)
IPD
Average Photon Flux* 
(Photons per Tube)
1x10' 347382 -
8x10" 342329 -
6x10" 343990 -
4x10" 333298 -
3x10" 248984 9793
2x10" 87083 -
1x10" 9991 480
8x10" 7324 379
6x10" 6228 192
4x10" 4151 195
2x10" 1893 184
1x10" 1021 143
5x10" 853 97
1x10" 503 135
Blank 466 -
* In each case the numbers presented are the averages of 4 readings. The data 
presented are typical of several repeated experiments.
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Table G.5 Results for fluorescence detection of a 4-methylumbelliferone (4-mu)
dilution series (0-1000 nM), measured using the Baird Spectrofluoiimeter 
(micro-flow cells) and using the Titertek Fluoroskan (black microtitre plate). 
The data are shown in Figure 4.11.
Concentration 
of 4-mu (nM)
Baird
Spectrofluorimeter^*^
Titertek
Fluoroskan^ *^
0 - 5.65
2 - 182.5
4 - 372
6 - 520
8 - 761
10 - 940
20 1 1838
25 3 2276
50 4 4001
100 7 6854
500 28 -
1000 54 -
(*) Average values of two readings reported in arbitrary units and are typical of the 
results obtained for this assay.
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Table G.6 Average values of 4 readings for solution of 1 jiM 4-methylumbelliferone (4- 
mu) in 36 wells of microtitre plate (without SDS).
3 4 5 6 7 8 9 10
A - - - - - - - -
B - 1.6 1.7 1.9 2.7 2.9 3.3 -
C - 1.5 1.7 2.1 2.5 2.6 3.6 -
D - 1.7 2.0 2.4 2.3 3.1 3.0 -
E - 1.7 2.3 2.4 3.3 2.8 2.8 -
F - 1.7 2.3 2.4 3.4 3.6 3.4 -
G - 2.5 2.3 2.9 3.2 3.6 4.5 -
H - - - - - - - -
Table G .l Average values of 4 readings for solution of 1 |iM 4-methylumbelliferone (4- 
mu) in 36 wells of microtitre plate (with 0.1% SDS).
3 4 5 6 7 8 9 10
A - - - - - - - -
B - 1.6 1.7 1.8 2.4 2.5 3.0 -
C - 1.4 1.5 1.8 2.0 2.4 2.9 -
D - 1.7 1.7 2.3 2.0 2.6 2.7 -
E - 1.9 2.1 2.3 2.8 2.5 2.7 -
F - 1.6 2.1 2.3 2.8 3.2 3.4 -
G - 2.1 2.3 2.9 3.1 3.1 3.9 -
H - - - - - - - -
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Table G.8 Correction factors for uniformity of illumination, fluorescent IPD system.
3 4 5 6 7 8 9 10
A - - - - - - - -
B - 187 176 167 125 120 100 -
C - 214 200 167 150 125 103 -
D - 176 176 130 150 115 111 -
E - 158 143 130 97 120 111 -
F - 187 143 130 107 94 88 -
G - 143 130 103 97 97 77 -
H - - - - - - - -
The numbers shown in Table G.8 are the correction factors (expressed as percentages) 
which are applied to each well to correct for variation in illumination. In each case the 
factor given scales the corresponding value in Table G.7 to a nominal value of 3.0.
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Appendix H
CHEMILUMINESCENT ENZYME-LINKED IMMUNOASSAYS
Table H .l Results of luminescent immunoassay for hepatitis-B antigen, comparing two 
monoclonal trapping antibodies, measured using the IPD system.
Trapping Antibody
Results 
(Photons/10 secs/37 pixels)
Clone
Number
[Ab]
(gg/ml)
P P/3 P/5 N P/N
329.43 3734 - - 680 5.5
329.43 100 3247 - - 849 3.8
192.75 10 2567 - - 554 4.6
192.75 100 3368 - - 698 4.8
329.43 10 2466 534 577 423 5.8
329.43 100 3168 2001 798 625 5.1
192.75 10 1366 472 361 298 4.6
192.75 100 2102 676 533 850 2.5
329.43 250 5810 - - 386 15
329.43 100 6048 - - 636 9.5
329.43 10 4087 - - 424 9.6
329.43 0 1400 - - 484 2.9
Clone number 329.43 represents antibody 1044/329.43. 
Clone number 192.75 represents antibody 1044/19275.19. 
[Ab] is concentration of antibody for plate coating.
P and N represent positive and negative controls.
P/3 is a 1:3 dilution of the positive control.
P/5 is a 1:5 dilution of the positive control.
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Table H.2 Comparison of results obtained for colour and luminescence detection of 
immunoassay for hepatitis-B antigen (positive and negative controls), 
measured using a colour plate reader and the IPD.
Sample Positive Controls Negative Controls
Abbott
Colour 0.979 1.007 0.041 0.040 0.044
Abbott 
Lumin 
Radius 3 20714 18984 1201 561 820
4 11177 10139 765 337 379
C B  329
Radius 3 22502 24129 381 469
4 12324 13860 202 259
C B  192
Radius 3 20822 22806 678 603
4 11416 12835 354 353
CMT 329
Radius 3 10670 12658 1513 2076
4 6268 6539 588 612
CMT 192
Radius 3 8113 10342 1107 883
4 7674 5454 433 379
Abbott Colour 
Abbott Lumin 
Coral Bead 329 
Coral Bead 192 
Coral MT 329 
Coral MT 192
Standard Abbott absorbance readings.
Abbott assay bead using luminescent substrate.
Bead assay - trapping antibody Coralab 1044.329.
Bead assay - trapping antibody Coralab 1044.192.
Microtitre plate assay - trapping antibody Coralab 1044.329. 
Microtitre plate assay - trapping antibody Coralab 1044.192.
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Table H.3 AFP standards and controls (Abbott) determined using the IPD system 
(carried out with successive levels of neutral density filters).
AFP Level 
(ng/ml)
IPD COUNTS 
(Photons/Pixel/Min)
No Filter ND 0.5 ND 1.0
60 750 680 793 238 233
40 1201 596 749 172 238
20 1253 510 548 181 113
10 601 243 372 66 77
5 227 131 238 48.6 19.6
2 71 54.8 44.8 10.0 11.6
0 32.5 12.9 11.0 2.1 3.0
Cl 135 63.7 68.5 17.0 17.1
cn 990 622 692 142 176
The IPD data are reported in units of average photons/pixel/min measured over a well.
The data have been scaled in the graphs shown in Chapter 5, Figure 5.8 by a factor of 37 
(pixels per well) to give photons/well/minute. The first data set for each filter value has 
been plotted in Figure 5.8. The Cl and Cn are control samples from the Abbott AFP assay 
kit.
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Table H.4 AFP standards and controls (Abbott) determined using the CCD system.
AFP
Standards
(ng/ml)
Photon Flux (Photons/Well/100 secs)
A B C D
60 2.78 X 10^ 3.94 X 10’ 4.10 X 10’ 3.70 X 10’
40 2.36 X 10’ 2.79 X 10’ 3.07 X 10’ 2.72 X 10’
20 1.75 X 10’ 2.11 X 10’ 1.99 X 10’ 1.73 X 10’
10 1.25 X 10’ 1.32 X 10’ 1.23 X 10’ 1.07 X 10’
5 0.87 X 10’ 0.94 X 10’ 0.73 X 10’ 0.76 X 10’
2 0.35 X 10’ 0.89 X 10’ 0.57 X 10’ 0.59 X 10’
0 0.14 X 10’ 0.18 X 10’ 0.34 X 10’ 0.32 X 10’
Cl 0.34 X 10’ 0.42 X 10’ 0.57 X 10’ 0.50 X 10’
cn 1.91 X 10’ 2.15 X 10’ 2.06 X 10’ 1.99 X 10’
The CCD data are reported in units of total photons/well/100 seconds measured over a 
well. The data have been scaled in the graphs shown in Chapter 5, Figure 5.8 by a factor 
of 0.6 to give photons/well/minute. The first data set, A, has been plotted in Figure 5.8. 
The Cl and CII are control samples from the Abbott AFP assay kit.
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Figure H .l AFP standard curve from Abbott AFP-EIA colour assay kit.
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APPENDIX I CALIBRATION OF INTENSIFIED CCD SYSTEM (ICCD)
I .l Overview of calibration of BIQ-Bioview intensifîed CCD system
A number of calibration procedures are carried out at the time of manufacture, which are 
used to report results during routine use of the instrument. These procedures include:
(a) Flat-field and background correction
The quantum efficiency and gain of the instrument varies across the field of view due to 
both lens effects and effects within the intensified CCD camera. These variations are 
corrected by exposing the instrument to a uniform bright field, recording the response of 
the instrument and hence calculating flat-field correction factors. The background of the 
detector is corrected by subtracting the dark field values. The dark field is measured with 
no signal present, by closing the instument shutter and obtaining a background image for 5 
to 10 minutes. The corrected images have corrections applied individually to each of the 
pixels comprising the image, using the following formula:
Pcorr = S(P,aw - D) / (B - D)
where:
Pcorr is the corrected pixel value,
Praw is the uncorrected pixel value (as measured by the instument),
D is the measured dark field pixel value,
B is the mesured bright field response of the pixel and
S is a scale factor common to all pixels, set equal to the average bright field value.
Figures 1.2(a) and (b) show an image of a microtitre plate, containing the same 
ATP/luciferase reagent in each well, before and after the flat-field correction. The 
uncorrected image is brighter in the centre with a radial decrease in intensity, which is seen 
to be normalized in the corrected image.
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(b) Linear response correction
The instrument has a dynamic range for light detection which is not necessarily strictly 
proportional to the intensity of the incident light over a large range of values. The 
corrections for non-linear response were determined by exposing the instument to a range 
of uniform light sources with intensities over 6 orders of magnitude, which covered the 
whole field of view. This was achived using a calibrated Betalight of known intensity (as 
measured by the National Physical Laboratory) and a range of neutral density filters.
Figure 1.3 shows the corrected response of a BIQ instrument to be linear over a range of
250,000 to 1.
(c) Microtitre plate analysis
The BIQ system is calibrated to report corrected values for MTP analysis. 96 circular 
regions, corresponding to the geometrical images of MTP wells are defined. A well region 
is typically 680 pixels at the image. The response of the detector in these well regions, for 
a given optical set-up, is measured by exposing the detector to a uniform illumination over 
a range of brightness levels, and then normalizing the reported signals from each well over 
the whole dynamic range of the instrument. A further correction is made for dark field 
subtraction by obtaining images with no sample present (ie shutter closed) to measure 
background noise. Corrected signals are typically reported as detected 
photons/mmVsecond. An example of an MTP analysis print out is shown in Figure 1.4.
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Figure 1.1 Photograph of BIQ-Bioview imaging system from Cambridge Imaging Ltd.
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Figure 1.2
(a) Image of microtitre plate containing same concentration of ATP/luciferin/ luciferase 
reagent in each well. The image represents a one minute integration of the light 
emission, intensity is represented in false colour.
(b) Same image as Figure 1.1(a) after flat-field correction.
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Figure 1.3 Graph showing the dynamic range of the BIQ-Bioview System obtained
using a calibrated Betalight source and neutral density filters. The dynamic 
range was found to be 250,000 for a 1 minute integration, where the lower 
limit of detection corresponded to a signal/noise of 2:1 and the upper limit 
was defined by CCD saturation. The reported results were corrected for flat- 
field and dark level.
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BioView MTP Reader, Data File D:\BVDATA.C04\MTPLOG\COLOUR4.LOG 
Data for 96 Wells, Reading 1, 23-Jul-1926 04:07:58
Photon Counts/square itiiti/10 Sec
1 2 3 4 5 6 7 8 9 10 11 12
A 1957. 1853. 67,.0 65,.0 68,.0 66..0 68,.0 69,,0 73 ,.0 71. 0 75. 0 67. 0
B 1615. 1446. 74,.0 75,.0 69,.0 67..0 65,.0 66.,0 64,.0 71. 0 69. 0 72. 0
C 804.0 748.0 106,.0 116..0 108..0 123..0 111.,0 125.,0 119..0 113. 0 113 .0 115. 0
D 368.0 422.0 122,.0 117..0 109.,0 118..0 111.,0 100.,0 106..0 127. 0 121. 0 104. 0
E 135.0 142.0 451,.0 423..0 435.,0 442.,0 417..0 404.,0 459.,0 423 .0 490. 0 455. 0
F 73.0 75.0 468.,0 495.,0 498.,0 438.,0 428.,0 422.,0 401.,0 403 .0 432. 0 498. 0
G 57.0 45.0 46.,0 50.,0 50.,0 56.,0 58.,0 56.,0 53.,0 53. 0 49. 0 46. 0
H 0.0 0.0 60.,0 72.,0 60.,0 54.,0 55.,0 53.,0 49.,0 47. 0 52. 0 51. 0
Figure 1.4 Example of numerical analysis of 96 well microtitre plate (MTP) obtained 
using BIQ-Bioview ICCD system.
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A ppendix J
DATA FOR COLOUR AND LUMINESCENT HCG ASSAYS
Table J.l HCG Colour Assay - Plate 1 - Reader Labsystems Multiscan.
Standard
hCG
Levels
(mlu/ml) Standard A
Colour Reading - / 
Standard B
Absorbance Values 
Average
Standard
Deviation
500 2.366 2.161 2.264 0.145
250 1.961 1.871 1.916 0.064
100 1.082 1.027 1.055 0.039
50 0.605 0.576 0.591 0.021
15 0.205 0.184 0.195 0.015
5 0.096 0.086 0.091 0.007
0 0.048 0.059 0.054 0.008
Table J.2 HCG Colour Assay - Plate 2 - Reader Labsystems Multiscan.
Standard
hCG
Levels
(mlu/ml)
(
Standard A
Colour Reading - 1 
Standard B
Absorbance Values 
Average
Standard
Deviation
500 2.260 2.366 2.313 0.075
250 2.029 2.053 2.041 0.017
100 1.050 1.127 1.089 0.054
50 0.522 0.543 0.533 0.015
15 0.171 0.190 0.181 0.013
5 0.089 0.088 0.088 0.007
0 0.051 0.049 0.050 0.001
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Table J.3 HCG Colour Assay - Plate 3 - Reader Labsystems Multiscan.
Standard
hCG
Levels
(mlu/ml) Standard A
Colour Reading - / 
Standard B
Absorbance Values 
Average
Standard
Deviation
500 2.366 2.213 2.290 0.108
250 2.025 1.959 1.992 0.047
100 1.099 1.056 1.078 0.030
50 0.552 0.552 0.552 -
15 0.196 0.168 0.182 0.020
5 0.084 0.086 0.085 0.001
0 0.043 0.049 0.046 0.004
Table J.4 HCG Colour Assay - Plate 4 - Reader Labsystems Multiscan.
Standard
hCG
Levels
(mlu/ml) Standard A
Colour Reading - 1 
Standard B
Absorbance Values 
Average
Standard
Deviation
500 1.957 1.853 1.905 0.074
250 1.615 1.446 1.531 0.120
100 0.804 0.748 0.776 0.040
50 0.368 0.422 0.395 0.038
15 0.135 0.142 0.139 0.005
5 0.073 0.075 0.074 0.001
0 0.057 0.045 0.051 0.008
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Table J.5a HCG Luminescence Assay - Plate 1 - Reader BIQ Bioview
A ppendix J
Standard
hCG
Levels
(mlu/ml) Standard A
BIQ reading - ph 
Standard B
Otons / mm^ /sec 
Average
Standard
Deviation
500 49.27 44.43 46.85 3.422
250 36.77 35.36 36.07 .9970
100 8.343 8.080 8.212 .1860
50 2.427 2.767 2.597 .2404
15 .0962 .1578 .127 .0436
5 .1760 .0377 .1069 .0978
0 .0010 .0010 .0010 -
Table J.5b HCG Luminescence Assay - Plate 1 - Reader Dynatech Plate Luminometers
Standard
hCG
Levels
(mlu/ml) Standard A
Dynatech reading 
Standard B
- arbitrary units 
Average
Standard
Deviation
500 0.7932 0.5473 0.6703 0.1739
250 0.6095 0.5968 0.6032 0.0090
100 0.1566 0.1296 0.1431 0.0191
50 0.0402 0.0364 0.0383 0.0027
15 0.0034 0.0025 0.0030 0.0006
5 0.0093 0.0011 0.0052 0.0058
0 0.0005 0.0005 0.0005 -
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Table J.6a HCG Luminescence Assay - Plate 2 - Reader BIQ Bioview
Appendix J
Standard
hCG
Levels
(mlu/ml) Standard A
BIQ reading -  ph 
Standard B
Otons / mm^ /sec 
r  Average
Standard
Deviation
500 73.69 70.24 71.97 2.439
250 62.88 64.00 63.44 .7920
100 13.15 13.86 13.51 .5020
50 3.746 3.978 3.862 .1640
15 .2725 .3394 .3060 .0473
5 .0843 .1446 .1145 .0426
0 .1143 .0979 .1061 .0116
Table J.6b HCG Luminescence Assay - Plate 2 - Reader Dynatech Plate Luminometers
Standard
hCG
Levels
(mlu/ml) Standard A
Dynatech reading 
Standard B
- arbitrary units 
Average
Standard
Deviation
500 1.0060 0.9443 0.9752 0.0436
250 0.7977 0.7845 0.7911 0.0093
100 0.1651 0.1742 0.1697 0.0064
50 0.0450 0.0493 0.0472 0.0030
15 0.0020 0.0035 0.0028 0.0011
5 0.0021 0.0007 0.0014 0.0010
0 0.0020 0.0024 0.0022 0.0003
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Table J.7a HCG Luminescence Assay - Plate 3 - Reader BIQ Bioview
Appendix J
Standard
hCG
Levels
(mlu/ml) Standard A
BIQ reading - ph 
Standard B
Otons / mm^ /sec 
Average
Standard
Deviation
500 41.79 39.76 40.78 1.435
250 33.26 28.58 30.92 3.309
100 6.937 6.137 6.537 .5657
50 2.115 1.980 2.048 .0955
15 .0485 .0714 .0599 .0162
5 .0553 .0408 .0481 .0103
0 .0010 .0010 .0010 -
Table J.7b HCG Luminescence Assay - Plate 3 - Reader Dynatech Plate Luminometers
Standard
hCG
Levels
(mlu/ml) Standard A
Dynatech reading 
Standard B
- arbitrary units 
Average
Standard
Deviation
500 0.5532 0.5438 0.5485 0.0066
250 0.4654 0.3644 0.4149 0.0714
100 0.0908 0.0875 0.0892 0.0023
50 0.0254 0.0245 0.0250 0.0006
15 0.0022 0.0025 0.0024 0.0002
5 0.0009 0.0022 0.0016 0.0009
0 0.0008 0.0002 0.0005 0.0004
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Table J.8a HCG Luminescence Assay - Plate 4 - Reader BIQ Bioview
Appendix J
Standard
hCG
Levels
(mlu/ml) Standard A
BIQ reading - ph 
Standard B
Otons / mm^ /sec 
Average
Standard
Deviation
500 74.85 77.34 76.10 1.761
250 75.75 76.70 76.23 .6718
100 22.09 23.10 22.59 .7142
50 7.729 7.858 7.794 .0912
15 .5038 .6452 .5745 .0910
5 .0946 .0555 .0751 .0276
0 .0010 .0010 .0010 -
Table J.8b HCG Luminescence Assay - Plate 4 - Reader Dynatech Plate Luminometers
Standard
hCG
Levels
(mlu/ml) Standard A
Dynatech reading 
Standard B
- arbitrary units 
Average
Standard
Deviation
500 0.9326 1.0312 0.9819 0.0697
250 0.9965 1.0168 1.0067 0.0144
100 0.2334 0.2650 0.2492 0.0223
50 0.0859 0.0843 0.0851 0.0011
15 0.0049 0.0064 0.0057 0.0011
5 0.0000 0.0002 0.0001 0.0001
0 0.0008 0.0018 0.0013 0.0007
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Table J.9a HCG Luminescence Assay - Plate 5 - Reader BIQ Bioview
A ppendix J
Standard
hCG
Levels
(mlu/ml) Standard A
BIQ reading - ph 
Standard B
Otons / mm^ /sec 
Average
Standard
Deviation
500 42.06 40.78 41.42 .9051
250 30.17 23.16 26.67 4.957
100 4.662 4.882 4.772 .1556
50 1.237 1.262 1.250 .0177
15 .326 .0650 .1955 .1846
5 .0042 .0393 .0218 .0248
0 .0010 .0010 .0010 -
Table J.9b HCG Luminescence Assay - Plate 5 - Reader Dynatech Plate Luminometers
Standard
hCG
Levels
(mlu/ml) Standard A
Dynatech reading 
Standard B
- arbitrary units 
Average
Standard
Deviation
500 0.5268 0.5293 0.5281 0.0018
250 0.3863 0.2741 0.3302 0.0793
100 0.0566 0.0646 0.0606 0.0057
50 0.0149 0.0139 0.0144 0.0007
15 0.0014 0.0007 0.0011 0.0005
5 0.0012 0.0013 0.00125 0.0001
0 0.0009 0.0014 0.0012 0.0004
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Table J.lOa HCG Luminescence Assay - Plate 6 - Reader BIQ Bioview
Appendix J
Standard
hCG
Levels
(mlu/ml) Standard A
BIQ reading - ph 
Standard B
Otons / mm^ /sec 
Average
Standard
Deviation
500 49.36 45.41 47.39 2.793
250 38.67 31.02 34.85 5.409
100 . 7.212 9.253 8.233 1.443
50 2.191 2.130 2.161 .0431
15 .1622 .1324 .1473 .0211
5 .0587 .0010 .0299 .0408
0 .0010 .0551 .0281 .0383
Table J.lOb HCG Luminescence Assay - Plate 6 - Reader Dynatech Plate Luminometers
Standard
hCG
Levels
(mlu/ml) Standard A
Dynatech reading 
Standard B
- arbitrary units 
Average
Standard
Deviation
500 0.6336 0.6244 0.629 0.0065
250 0.3882 0.4797 0.4340 0.0647
100 0.1120 0.0907 0.1014 0.0151
50 0.0292 0.0322 0.0307 0.0021
15 0.0016 0.0012 0.0014 0.0003
5 0.0000 0.0003 0.0002 0.0002
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GLOSSARY OF ABBREVIATIONS AND TERMS
Abbreviations
Ab Antibody
ADC Analogue to digital converter (A to D)
AB Concentration of antibody
AFP Alpha foetoprotein
ATP Adenosine tri-phosphate
BSA Bovine serum albumin
CCD Charge-Coupled Device
CV Coefficient of variation
DMA Direct memory access
DMSG Dimethyl sulphoxide
DQE Detective quantum efficiency
EIA Enzyme immunoassay
hCG Human chorionic gonadotropin
HRPO Horseradish peroxidase
HSV Herpes simplex virus
ICCD Intensified charge-coupled device
IPD Imaging Photon Detector
lU International units (for enzymes)
LED Light emitting diode
Luminol 5-Amino-2,3-dihydro 1,4-phthalazinedione
M Molar
Mb Megabyte
McAb Monoclonal antibody
MCP MicroChannel plate
4-mu 4-Methylumbelliferone
MHz Megahertz
mw Molecular weight
ND Neutral density (filter)
ng Nanogram
nm Nanometre
nM Nanomolar
P/N Positive to negative ratio
PBS Phosphate buffered saline
PIP Para-iodophenol
PIXEL Picture element
QC Quality control
QE Quantum efficiency
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r Regression coefficient
RAM Random access memory
RIA Radio immunoassay
RLU Relative light unit
S/N Signal-to-noise ratio
SD Standard deviation
SDS Sodium dodecyl sulphate
STD Sexually transmitted disease
TMB 3,3 ’ ,5,5 ’ -Tetramethylbenzidine
\lA Microamps
|im Micron or micrometre
Glossary of terms
The glossary of terms describes technical optics, etc, and has been sourced from a number 
of manufacturers technical references, including EEV Ltd and Dalsa Inc..
ADC or A/D converter: Acronym for Analog to Digital Converter; electronic device that 
converts data from analog form to digital form.
Aperture: An opening to pass or receive light. The effective diameter of the lens 
controlling the amount of hght reaching the image plane or the active collection region of a 
CCD.
Aspect ratio: The shape of an image given as the ratio of the horizontal length to the 
vertical height. (For example, an aspect ratio of 4:3 for a CCD means the horizontal 
dimension of the pixel area is 4/3 of the vertical dimension.)
Betalight: Commercial light source using active beta radiation source with phosphor light 
emitter.
Binning: A method in which pixel values are added before read-out to reduce noise and 
increase sensitivity, though at the cost of decreased spatial resolution, eg grouping as 2 x 2 
pixels.
Charge-coupled device (CCD): A semiconductor device in which finite, isolated, charge- 
packets are transported from one position in the semiconductor to an adjacent position by 
sequential clocking of an array of gates. The charge-packets are minority carriers with 
respect to the semiconductor substrate.
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Contrast or Contrast Ratio: The ratio of the light and dark levels in an image. Usually 
expressed as a contrast ratio, eg. 10,000:1.
Cross-talk: Phenomenon whereby a portion of the signal belonging to a sensor element, ie 
a pixel, finds its way into a neighbouring sensor element. It can result from inadequate 
spatial resolution of an imaging system ahead of the sensor elements; or in a CCD from 
defects in pixel structure or from charge-transfer inefficiency; or in an IPD from loss of 
resolution in the microchannel plate.
Colourgraphic: Hard copy representation of image where colour is used to indicate digital 
pixel values.
Dark current: The current flowing or signal amplitude generated in a photosensor placed 
in total darkness.
Dark signal: The output signal from a CCD with no illumination; it is comprised of the 
following:
Fixed Pattern Noise (FPN): FPN is noise that is generally due to differences in line 
widths, capacitances, and geometry due to variations in the fabrication process. This 
noise source is constant for a given device and can be eliminated by calibrating the 
FPN of each pixel and then correcting the output data stream.
Dark Leakage Current: This is caused by thermally generated electrons and increases 
linearly with integration time. Dark leakage current generally increases by a factor of 
two with each T C  increase.
Thermodynamic Noise: Thermally generated noise, or kTC noise, is generated on diode 
read-out structures within the device. kTC noise is due to thermally generated electrons 
within these diodes and depends upon the capacitance of the diode and temperature.
Depth-of-field, Depth of focus: The in-focus range of an imaging system. Measured 
from the distance behind an object to the distance in front of the object for which all parts 
appear in focus.
Digital image: A representation of an image as an array of brightness values stored 
digitally.
Digital imaging: Conversion of an image into a digital representation by means of an A/D 
converter which converts the analog signal level of each pixel into a digital word which
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can be stored in a computer.
Dynamic range: Dynamic range can be specified in one of two ways: optical or electrical 
dynamic range. Optical dynamic range is the ratio of the light intensity required to saturate 
a pixel to the light intensity which produces an output equal to noise output. Electrical 
dynamic range is the ratio of saturation output voltage to noise output voltage. For an 
image sensor array with perfectly linear response, the two are equivalent.
Fibre optics: Optical systems in which light is transmitted through a long flexible fibre, 
or group of fibres, of transparent material such as glass or plastic. A typical fibre-optic 
input window would consist of thousands of fibres (eg of diameter 10 microns) fused to 
become a glass plate. The light passes down the core of a given fibre by the process of 
total internal reflection, as a result of the presence of a thin layer, or cladding, of material 
of lower refractive index encasing the core.
Field of view: The area of object space imaged at the focal plane of a camera.
17number, f^stop: Ratio of the focal length of a system, eg a lens, to the diameter of the 
entrance pupil.
Focal length: The distance from a lens’ principal point to the corresponding focal point. 
Also referred to as the equivalent focal length and the effective focal length. The principal 
point of a lens is where the principal plane intersects the optic axis; the principal plane is 
the plane in which incident parallel light intersects the light rays converging to the focus of 
the lens.
Frame: The image data resulting from a single read out of a CCD or other camera.
Frame rate: Number of times per second that a frame is scanned or read-out eg TV 
frame rates are 25 or 30 frames per second depending on TV standard.
Frame grabber: A device which interfaces with a camera and is capable of storing in 
memory sampled video signals converted to digital signals in memory.
Grey scale: Variations of values from white, through shades of grey, to black in a 
digitized image. Typically, black is assigned the digital value 0 and white, some value 
above zero such as 255.
Illumination: Application of light to an object.
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Image: The array of data representing a scene. It can refer to either the digital pixel 
values or a particular representation e.g. on a display.
Image buffer: Device used temporarily to store image data. It is often located between 
two devices of differing speeds, eg. a computer output is faster than the output of a printer, 
so a buffer is placed between the two to store data until the printer prints it.
Image intensifier: A device that amplifies an image of light incident on a 2-dimensional 
photocathode to produce a brighter or more intense output image of the same spatial form.
Integration time: The integration time is the time interval in which the photoelements of 
a sensor, such as an imaging detector, are allowed to accumulate or collect signal or 
charge.
Intensified CCD camera: A high sensitivity imaging light detector which uses an image 
intensifier to detect and amplify incident light. The output of the intensifier is viewed by a 
CCD which can be operated to produce an image of the amplified output. The CCD may 
be directly coupled to the output of the intensifier by means of a fibre optic faceplate, or a 
lens may be used.
Magnification: Ratio of the length of a line in the object plane to the length of the same 
line in the image plane. It may be expressed as image magnification (image size/object 
size) or it’s inverse, object magnification.
MTF: Modulation transfer function. A measure of the extent to which the contrast of 
object details of a given spatial frequency, eg bands on a test pattern, is degraded in the 
process of forming an image.
Noise: Irrelevant or meaningless data resulting from various causes unrelated to the source 
of data being measured or inspected, eg random signals.
Nyquist theorem: A theorem that, applied to image processing systems, states that if an 
image contains no spatial frequency components higher than a specified spatial frequency 
(f), then the original image can be reconstructed without loss of information if it is sampled 
at a spatial frequency at least twice that of the specified frequency {If).  In practice this 
means, for example, that to resolve two discrete sources each of which illuminates one 
pixel of size d, their centres must be separated by a distance of at least 2d, ie two pixels.
Pattern recognition: Classification of features within images into predetermined 
categories, usually using algorithmic methods.
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Photon: According to the quantum theory of light, at very low intensity light is detected 
as a series of individual particles or quanta called photons.
Photoresponse non-uniformity: In an imaging detector such as a CCD, under uniform 
illumination, the difference or variation in response between the most and least sensitive of 
the image detector elements.
Pixel: The abbreviation of the words Picture Cell or Picture Element, meaning the 
individual elements of a sensor array used to convert light-energy to electronic energy.
Quantum efficiency: For a photocathode the QE is the ratio of the number of photons 
striking per second to the number of electrons released per second. The detective quantum 
efficiency (DQE) is the product of the quantum efficiency and the probability that a 
released photoelectron will reach the next element of an imaging device (usually the 
phosphor).
Responsivity or sensitivity: This is defined as the photogenerated voltage at the output, 
eg of a photodiode, per unit of light intensity in pJ/cm^. The units of responsivity are 
V/pJ/cm^. The wavelength distribution of the light source must be specified in order for a 
responsivity specification to be meaningful.
Saturation exposure: The exposure (light intensity x integration time) level that produces 
a saturation signal or charge level in a pixel. The light wavelength distribution must be 
specified for a meaningful value.
Signal-to-noise-ratio: The ratio of the maximum value of an output signal to the 
amplitude of the noise on the signal.
Spatial resolution: The number of points per unit length into which an image is divided. 
For example, an image sensor (with unit MTF) having spatial resolution 256 pixels/mm 
could resolve objects down to 4 micron size.
Thresholding: A system where a value of black is assigned to all pixels below a certain 
intensity level, and their actual value is assigned to all pixels above a certain intensity 
level.
Wavelength: Distance between two successive points of a periodic wave in the direction 
of propagation in which the oscillation has the same phase; designated as (lambda) in 
spectrophotometry. (See Frequency.)
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